Regional variability in nutrient supply and the synthesis and remineralization of organic matter in the oligotrophic ocean by Fernandez Castro, Bieito
Regional variability in nutrient 
supply and the synthesis and 
remineralization of organic 















































































This PhD thesis was carried out at the Grupo de Oceanografía Biolóxica(GOB), Departamento de Ecoloxía e Bioloxía Animal (Universidade de Vigo).Funding for this research was provided through grants “Spatio-temporal vari-ability in the synthesis, remineralization and export of organic carbon in theNorth Atlantic subtropical gyre (VARITROP)” (09MDS001312PR to B. Mouriño-Carballido) and “Circumnavigation Expedition Malaspina 2010: Global Changeand Biodiversity Exploration of the Global Ocean” (CSD2008 – 00077 to C.M. Duarte). B. Fernández-Castro was supported by a FPU grant (AP2010-5594) by the Ministerio de Educación, Cultura y Deporte of the SpanishGovernment. A research stay at the GEOMAR Helmholtz Centre for OceanResearch, Kiel (Germany) (Host investigator: A. Oschlies) was funded bythe Ministerio de Educación, Cultura y Deporte of the Spanish Government(Est13/01044).

A Perucho, o carpinteiro

Agradecementos
E si, toca enfrontarse a este momento. Creo que o deixei para o final porquebotar a ollada atrás para escribir isto supón asumir que, dalgunha maneiraunha etapa se achega á súa fin. En pouco máis de un mes cúmprense 5 anos.O 23 de agosto de 2010 afrontaba a entrada nun novo ciclo, unha nova etapaque se iniciaba co temido descenso a un lugar inexplorado do que as lendascoruñesas contaban cousas arrepiantes, e que despois resultou non ser paratanto. Estes cinco anos foron máis que unha tese, foron unha experiencia devida divertida, intensa e irrepetible dos que todos os que aquí mencionarei-e moitos outros- formastes parte necesaria e imprescindible. Desgraciada-mente, non creo que poida dicir que hoxe sexa máis sabio nin mellor persoa,senón máis vello e máis rosmón, pero sen dúbida non se debe isto á falta debos mestres e mellores compañeiros de viaxe. A vosa tenacidade, paciencia,cariño e bo humor sen dúbida merecen a máis grande das gratitudes.Que vou poder dicir da persoa responsable de que o fío condutor destaaventura tivese algún sentido e que este tren non descarrilase antes de chegara ningunha estación. Bea, é difícil expresar a admiración e estupor que meproduce a túa paciencia infinita comigo e a dedicación e esforzo que puxechesnesta tese. Sen iso, hoxe non podería estar escribindo estas palabras, talvezterían aínda que pasar meses. Gracias por confiar en min e deixar que vosatronara a cabeza con as miñas ocorrencias (sei que se che foi das mans e tearrepentiches). Gracias pola manga ancha, por apertar sen afogar e facermesentir libre e valorado. Gracias por todo o aprendido, por todas as horas dediscusión, de escoitar e tratar de explicar a quen moitas veces non quere oír.Cando cheguei a Vigo tiña certas reservas con iso de que existen algas queson tan pequeniñas que non se ven, agora ata podo crer que fixan nitróxeno e
ix
x
que poden cambiar o clima da Terra. Amén. A verdade sinto que te volcachesen min e nesta tese máis que se fose a túa propia e, en moitas ocasións, máisque eu mesmo, e por isto síntome un privilexiado. Creo que esa dedicación éun exemplo de dignidade e responsabilidade para a profesión que exerces, ousegundo ti, tes a sorte de exercer. Espero, por iso que, ao final deste períodonon acabase por esgotar de todo as túas forzas e ilusións e que che quedenmoitas para os que veñen, que falta lles fará. Dio-los pille confesados. Milesde gracias tamén a Emilio, que sempre estivo aí para guiarnos co seu sabioconsello, para conversar e facernos partícipes e propietarios, case sen querer,de todo o seu saber, que é moito. Toda obra científica necesita un gurú, unsabio inspirador. Abofé que a esta, iso seguro que non lle faltou!Moitas outras persoas axudaron de maneira directa ou indirecta pero sem-pre esencial a esta tese. I am grateful to Larry Anderson for all his valuablee-mail lessons. Without knowing each other personally, you really did alot for me and for this thesis, and I really appreciate it. I also want thankAndreas Oschlies and Markus Pahlow for the warm welcome at GEOMAR. Ireally enjoyed working and discussing with Markus. It was a great experiencefrom which I have learned a lot of scientific and non-scientific stuff. Thanks!Unha parte importantísima deste traballo bebe dun esforzo de investigacióncolectivo sen precedentes. A expedición Malaspina 2010 conseguiu reunir acentos de persoas de distintos colectivos e perfís para, xuntos, botarse ao mare preguntarlle “Como andas, meu?” e contarlle ao mundo a resposta. Queropois agradecer este magnifico esforzo, este exemplo de xenerosidade e sacri-ficio por un obxectivo común a todas e cada unha das persoas involucradas,grandes jefotes, mariñeiros, escritores, xornalistas, e moi especialmente, aostécnicos e estudantes que pasaron días e días de barco, horas e horas deduro traballo, cargados de ilusión e sentíndose privilexiados por estar ondeestaban e por poder contribuír co seu esforzo a algo que sabían especiale diferente. Gracias a todos de verdade, realmente faime sentir ruín poñero meu nome, en primeiro lugar, a traballos dos que eu non fixen nin unhamilésima parte, só porque estou comodamente sentado facendo numeriños eescribindo. Acho que non merezo esa sorte. O mínimo que podo facer é adi-carvos estas liñas. Pouca cousa. Tamén quero agradecer a todas as persoas
xi
que de xeito anónimo ou non, traballaron para crear as bases de datos libresás que lle intentamos sacar substancia nesta tese. O voso traballo ten unvalor incalculable. Tamén agradecer á tripulación, técnicos e compañeiros deembarque do Hespérides, do Lura e do Mytilus, o seu traballo, a súa cama-radería e os momentos, risas e conversas compartidas durante as nosas visitasao mar.Sen lugar a dúbida o máis importante dunha viaxe non é o destino, peropode incluso que non sexa nin sequera o propio camiño, senón os compañeirosde viaxe os que fan que a viaxe sexa o que é. Case sen darme conta pasei deser o churumbel do LEM ao avó do GOB, e tiven a sorte de compartir nestesanos cubículo, tápers, tartas, sidras, viños, cervexas, festas, praias, viaxes conunha morea de xente, todos do seu pai e da súa nai, todos con algo queofrecer aos demais, que ensinar, que compartir. Unha riqueza grandísima!Un grupo humano marabilloso sempre sempre desbordante de cariño, que entodo momento fixo as miñas delicias en cada un destes anos. Se me sintoprivilexiado polos directores que tiven, non podo dicir menos dos meus com-pañeiros. Quero dedicarlle as primeiras palabras a María Aranguren e Juan,que me adoptaron un día tórrido de agosto e, xunto con algunhas gaivotas,acompañáronme no meu primeiro táper no patio da cafetería de ciencias. Dal-gunha maneira fostes sempre os meus padriños vigueses. Gracias por abrirmeas portas desta nova vida, por tantas conversacións, debates e cariño. Es-pero que a vida ao outro lado do charcho vos sexa tan xenerosa como vósfostes comigo e que así disfrutedes dela. Tamara, nada en Phene, residichesen Vigo para enqueloutrarnos e encheralarnos de cantarolas e aloumiñios,abandounachenos para bailoretares cos canariños e reiseñoures, pero no máisfundo das nosas patácolas sempre sempre rexoubarán os teus axóuxeres e xir-imías. Grazañas compañeirola. Agardo enxergarte de contádolo. Toñito doPito, es un grande, compañeiro. Cando eu cheguei a Vigo ti viñas de facelo,así que compartimos xuntos esta experiencia desde o principio, vinte choiare pelexar como un animal durante todos estes anos. Respect, respect a mazoToñito. Unha honra compartir este tempo contigo, e que sexa moito máis,e que consigas todo o que te propoñas, que o mereces! Elena, cando tecoñecín pensaba que eramos moi diferentes e que nunca conxeniariamos pero
xii
a vida regaloume unha das súas marabillosas sorpresas e hoxe úneme a tiunha amizade e un cariño sinceros e profundos. Admiro a túa xenerosidadee amores discretos e incondicionais que dedicas a todos os que compartentempo e amizade contigo, admiro a túa capacidade de traballo e de sorrir.Gracias por todas as túas ensinanzas, o teu oído e apoio sempre disposto e,sobre todo, o teu cariño sempiterno. Daffne pichurra! No se que me pasa ami con los mejicanos que todos me tocais la patata! Gracias gracias por estarsiempre aí, por compartir conmigo tus tristezas y tus alegrías, por dejar que teacompañara durante unas horas en el inicio de tu nueva vida. Eres una pinchecolega y un saco de amor y se te quiere mazo! Como no! Toda la suerte parati! Gracias Ana Torres polo seu optimismo e buenrollismo indestrutible, osmellores desexos para Vicente e Xoel, felicidade asegurada con vós! Graciasa Sara, María Huete, Ana, Aitor, Fany, Leti, Mercedes, Julia, Alba, Lazhar,Paula, Jorge, polos cafeses, polas conversas, os bailes, as festas, as birras, ofútbol, os abrazos, por todo, por facer do LEM unha familia entrañable e ungrupo de colegas de risas que te cagas! Gracias, a todos os que despois demin foron chegando, dándolle nova cor, novos matices á vida no Cuvi. A Alex,Álvaro e Nico, unha familia de amores fóra de todo o común e imaxinable.Sodes incribles! Disfrutade mil da vosa aventura, enchédevos de experienciae de vida como só vos sabeses. Martiña, gracias por tratarme sempre contanto cariño, por ensinarme a facer os buñuelos e tantas outras recetiñas quepodemos intercambiar agora que vou ter tempo libre :). A Jose Lozano, porser unha persoa excepcional e única e un magnifico fotógrafo e compañeiro deexcursións e aventuras. Canto temos que aprender de ti. A Esther, porque esmáis simpática que eu que sei, porque desde que chegaches abriches un sitioa golpe de ser ti mesma, así como es, nos nosos corazóns. A Joan, also knownas Muscul-man, que aínda que non é do laboratorio é da familia. Non podoparar de rir contigo tío! A xente quererá enfermar para ir de risas contigo áconsulta. Grande! A Miguel, un home da terra como dios manda, aínda quecun toque un pouco British, quéreseche compadre. Ao novos Bea-carios, Josee Víctor, polas súas risas, pachangas, compañeirismo e amizade. Sodes unstíos majísimos, oxalá durase isto máis para pasar máis tempo con vós, polodemais, que se acabe pronto. Víctor, a ti déboche a vida. Se non fose pola
xiii
túa rápida e valente reacción, tería sido pasto daquel desapiadado e terri-ble diazótrofo descomunal que estaba disposto a devorarnos nunha plácidanoite granadina. Só se pode agradecer cuns bos pementos de Padrón. Gra-cias, moi especialmente, como non, á miña querida compañeira de aventurase desventuras Palomiña. Gracias por todo ese amor totalmente inxustificadoque cada día me demostras. Así dá gusto ir ao traballo, loitando man a manpara expandir o imperio do rizo. Ao teu amor Leira, ao novo amor que vén,a Pedro, os meus mellores desexos. A Antero, Marina, Bety, Dámaso, Kim,África, Lucia... a toda a xente excepcional que forman ou formaron parte destagran familia. Tamén aos xefes, ao grande xefe Emilio, a Eva, a Cris, a Pablo.Tamén a Bernardino polas súas ensinanzas de ecoloxía. Mención particulara toda a xente que fan posible que a facultade de Ciencias e o Citexvi sexanlugares habitables e afables para o xénero humano: a Lisi, Oli, Yoli, María eDaniela.Gracias a todos os compañeiros de embarque na Malaspina. A Resi queademais fixo a guapisimisimisima portada desta tese. Eternamente agrade-cido, maestro. A Zuriñe, Camilio, Max, Joaquín, María, Axa, Tere, Eneko,Patri, Elena, Iago, Elisa, Txetxu, Joan, Dolors, Sarah-Jeane, Maribel, Luis,Nacho, Igor (que clase), Sergio, Silvana, Águeda, Eva, Carlos e todos os de-mais. Moitas gracias por construír esta experiencia única. Foi un honor e ungoce.Gracias a todos, os moitísimos e boísimos amigos que fixeron parte destesanos fantásticos. Vós sodes a vida, mecajendios. A Eva e a Esther, as miñasprimeiras amigas en Vigo. Gracias por acollerme, por abrirme as portas davosa casa e dos vosos corazóns. Lévovos no máis fondo do meu. A Carol, amagnífica bailadora e máis magnífica amiga, sempre se pode contar contigo,sempre. Vales mil! Oxalá non te tiveses que ir nunca. A Anxo, o poetade Carral, un exemplo e unha inspiración sempre compadre. Gracias porcompartir comigo tanta cultura e saber vital. A Ruti, Rocío, Mai, Eli, Kais,Aida, Clara, Paula, Rita, Marco, Raquel. A todo o clan do cuartucho quefixo do Cuvi unha casa tamén á hora do xantar. Gracias por tantas tantastantas risas. A todos os extrémidos, a Bertiño, a Andreu, Miguel, Javi, Bego, aPaula e a Milo. A todos os bailaríns. Á familia mallorquina: Francesca, Lara,
xiv
Sammer, Johnna, Bea, Raquel,...; gracias por hacerme sentir como en casa.A toda a familia de Zamáns: Laura, os Albertos, Ana, os chavales e demáisveciños. A Aimar, por ser o meu gurú vital, compañeiro de horta e de soñose sobre todo un amigo como dios manda, é dicir, Vasco. Que todos os teussoños se cumpran. A Manu, por ofrecer sempre unhas risas e un punto de vistadiferente. A Alba Marina, a miña filla putativa, gracias por compartir tantotanto comigo. E como non, á todos de cada un dos membros da xa mítica Casado Amor: Meri, Filipe, Victor e Raquel. Meri dixo un día que talvez agora noneramos conscientes pero que, cando voltásemos a vista atrás, lembraríamoseste tempo vivido como algo excepcional. Non fixo falta que pasase moitotempo para ser consciente diso. Vivir eses momentos de tolemia e cambio convós foi outro agasallo da vida. Un tempo incrible e irrepetible, cuxo recordoatesourarei para sempre. Meri, gracias por quererme tanto, por aturarme esufrir e disfrutar tanto comigo. Filipe, es un amigo excepcional, unha persoaúnica e orixinal e divertidisima, estar contigo é estar feliz, que se che pasentodos os males. Unha sorte coñecerte e vivir estas aventuras contigo, esperoque sexan moitas mais. Víctor, a túa enerxía vital, optimismo e sinxelezadeberían ser exemplo para o mundo, e para min sempre serás o meu Capitán.Gracias por abrirme tantas portas, por estar aí para o que sexa. Sen ti, nadatería sido. Gracias. Ai, espero non deixarme a ninguén, pero é o que ten faceras cousas a última hora e sen notas! En todo caso dádevos por aludidos :)A toda a xente que me acolleu en Kiel como se levase alí toda a vida. Enespecial a Edu, a Daniel, a Marco, porque en tan poco tiempo llegasteis aser mis amigos, y por tantos momentos, por los paseos en bici, las birras, lastardes en el parque. Thanks Jennifer for allowing me to enter and take part ofher garden and for showing me the niciest place in Kiel: the market :). Thanksto Eva, Khalid and Saba for sharing so many dinners and conversations withme. Thanks also to Alex, Bei, Shubam, Söerem, Tim, Nadine and to Elmisterioso señor bizarro.A toda a xente que nestes anos non puiden dedicarlle todo o tempo que megustaría, ou que hoxe están lonxe, pero que van sempre comigo, estea ondeestea: Andrés, Adrián, Flavia, Rubén, Marco, Juan Pablo, Alicia, Thomas,Martin, Nadège, Joaquín, Rocío, Johann, Santi, Diego, Adriana e tantos out-
xv
ros. Gracias á conexión americano-santiaguesa e demais fauna de física:a Manuel, Topete, Josué, Keyla, Ceila, Sonia, Adriana, Goretti,... Foi unano divertidísmo! Aos grandísimos harmónicos esféricos: Alberto, Ricardo,Suso, Lorena, María, Jorge, Rosalía, Antón, Luis... os meus inseparablescompañeiros de carreira, de grandes momentos, e que seguen aí, aínda quefísicamente estean lonxe. Sen vós tampouco sería o que son.Gracias sobre todo á miña familia, a miña nai Manuela, meu pai Andrés,miña irmá Saleta. Porque sabedes mellor que ninguén o difícil que é aturarme,por quererme sempre a pesar e por riba de todo e apoiarme en todo, aíndaque ás veces faga cousas raras. Ao meu avó Perucho, que nos deixou ao poucode empezar esta aventura. Un home total, capaz de facer calquera cousa efacela como o mellor, que loitou como ninguén para darlle o mellor aos seus.Sempre serás a miña luz e o exemplo a seguir. Aos meus tíos, Manolo, Rosa,Luis e Sabela, e meus primos, especialmente á miña afillada Antía e ao seuirmán Mauro. Sodes a alegría da vida. Aos meus outros tíos, Manolo, Maruxae Antonio. A vosa sinxeleza e xenerosidade non coñecen límites. A Claudia, amiña querida compañeira de fatigas. A túa capacidade de esforzo, para sorrire dar amor en calquera circunstancia non ten parangón no mundo. Graciaspor facerme un oco no teu corazón, por dalo todo por min e por construírmosalgo xuntos. Todos vós, os que sodes a razón de que estea aquí, tamén sodesa demostración empírica e irrefutable de que o mundo, a pesar de tantascousas horribles, é un lugar marabilloso, e a razón para loitar porque sexamellor cada día. E isto non hai tese que o conte. O cal demostra que, ao fine ao cabo, non son demasiado útiles.
O Berbés, xullo 2015

Contents
1 Introduction 11.1 The oceanic biological carbon pump . . . . . . . . . . . . . . . . 21.2 Determination of biological production and respiration rates . 71.3 New nitrogen supply in the oligotrophic ocean . . . . . . . . . 81.3.1 Nitrate turbulent diffusion into the photic layer . . . . . 111.3.2 Biological N2 fixation . . . . . . . . . . . . . . . . . . . . 171.4 Regional heterogeneity in the subtropical gyres . . . . . . . . . 291.5 Hypothesis, objectives and thesis outline . . . . . . . . . . . . . 31
2 Microstructure turbulence and diffusivity parameterization in the trop-ical and subtropical Atlantic, Pacific and Indian Oceans during theMalaspina 2010 expedition 352.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402.2.1 Hydrography and currents . . . . . . . . . . . . . . . . . 402.2.2 Dissipation rates of turbulent kinetic energy and ther-mal variance . . . . . . . . . . . . . . . . . . . . . . . . . 402.2.3 Thorpe length scale, mixing and mixed layers . . . . . . 432.2.4 Vertical diffusivity . . . . . . . . . . . . . . . . . . . . . . 432.2.5 Meteorological data . . . . . . . . . . . . . . . . . . . . . 452.2.6 K-profile parameterization . . . . . . . . . . . . . . . . . 482.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482.3.1 Hydrographical properties . . . . . . . . . . . . . . . . . 482.3.2 Dissipation rates of turbulent kinetic energy and di-apycnal diffusivity . . . . . . . . . . . . . . . . . . . . . . 51
xvii
xviii Contents
2.3.3 Parameterized vertical diffusivity . . . . . . . . . . . . . 562.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 592.4.1 Turbulence-generating mechanisms in the boundary layer 592.4.2 Turbulence-generating mechanisms in the ocean interior 612.4.3 Comparison of microstructure and parameterization dif-fusivity estimates . . . . . . . . . . . . . . . . . . . . . . 652.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3 Importance of salt fingering for new nitrogen supply in the olig-otrophic ocean 713.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 733.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 753.2.1 Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . 753.2.2 Microstructure measurements . . . . . . . . . . . . . . . 763.2.3 Nitrate diffusive fluxes . . . . . . . . . . . . . . . . . . . 773.2.4 N2 fixation . . . . . . . . . . . . . . . . . . . . . . . . . . 783.2.5 Trichodesmium spp. abundance . . . . . . . . . . . . . . 793.2.6 Diazotrophic microphytoplankton abundance . . . . . . 793.2.7 Global supply of nitrate due to salt fingers diffusivity . 803.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 803.3.1 Nitrate diffusive fluxes . . . . . . . . . . . . . . . . . . . 803.3.2 N2 fixation and diazotrophic microplankton . . . . . . . 823.3.3 Relative contributions to new nitrogen supply . . . . . . 863.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4 Optimality-based Trichodesmium Diazotrophy in the North AtlanticSubtropical Gyre 934.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 954.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 984.2.1 Adaptation of the plankton model . . . . . . . . . . . . . 984.2.2 Model runs . . . . . . . . . . . . . . . . . . . . . . . . . . 1014.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1024.3.1 Seasonal variability in hydrographical properties andphytoplankton biomass and production . . . . . . . . . . 102
Contents xix
4.3.2 Seasonality variability in N2 fixation and interactionswith atmospheric deposition and preferential reminer-alization of phosphorus . . . . . . . . . . . . . . . . . . 1054.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1084.4.1 The role of oligotrophy and N:P supply ratios in con-trolling diazotrophy . . . . . . . . . . . . . . . . . . . . . 1084.4.2 Interaction between diazotrophy, preferential P rem-ineralization and atmospheric deposition . . . . . . . . . 1124.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5 Regional differences in modelled net production and shallow rem-ineralization in the North Atlantic subtropical Gyre 1175.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1195.2 Comparison of the seasonal cycles at BATS and ESTOC . . . . 1215.3 Model implementation . . . . . . . . . . . . . . . . . . . . . . . . 1265.3.1 Model general description . . . . . . . . . . . . . . . . . 1265.3.2 Model inputs . . . . . . . . . . . . . . . . . . . . . . . . . 1285.3.3 Temperature model and K optimization . . . . . . . . . 1315.3.4 Integrated budgets and errors estimation . . . . . . . . 1335.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 1355.4.1 Distribution of biological sources and sinks . . . . . . . 1355.4.2 Net production rates . . . . . . . . . . . . . . . . . . . . 1365.4.3 Remineralization rates . . . . . . . . . . . . . . . . . . . 1415.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6 Mesopelagic respiration at the ESTOC (European Station for Time-Series in the Ocean, 15.5 ◦W, 29.1 ◦N) site inferred from a tracerconservation model 1496.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1516.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1526.2.1 Model description . . . . . . . . . . . . . . . . . . . . . . 1526.2.2 Electron transport system respiratory activity . . . . . . 1576.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1576.3.1 Implementation of the tracer conservation model . . . . 157
xx Contents
6.3.2 Mesopelagic respiration derived from ETS respiratoryactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1666.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1676.4.1 Comparison of mesopelagic respiration inferred fromthe tracer conservation model and ETS measurements . 1676.4.2 The mesopelagic carbon budget in the eastern andwestern subtropical North Atlantic . . . . . . . . . . . . 169
7 Synthesis 173
8 Conclusions 181
9 Resumo 1859.1 Introdución . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1869.2 Resultados e discusión . . . . . . . . . . . . . . . . . . . . . . . . 1899.3 Conclusións . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195






1.1 The oceanic biological carbon pump
The oceans are a central component of the Earth system, with biogeochemi-cal links to the land and atmosphere. Because the oceans cover almost threequarters of the Earth’s surface, the chemical reactions within these ecosys-tems, both biotic and abiotic, have profound effects on the gas compositionof the atmosphere. Photosynthesis provides marine phytoplankton with theability to transform energy from sunlight and inorganic carbon and nutrientsdissolved in sea water into complex organic materials (Carlson, 2001). Thistransformation occurs in the sunlit layer of the ocean, the euphotic zone, andis named primary production (Figure 1.1). Annually, the ocean is responsiblefor a photosynthetic fixation of ∼ 50Pg of carbon, which represents aroundhalf of the global primary production (Field et al., 1998). Both autotrophicand heterotrophic (including bacteria and zooplankton) organisms catabolizethe fixed organic compounds to their organic constituents via respiration (R),yielding energy for their metabolic requirements. We use gross primary pro-duction to indicate the amount of carbon fixed by phytoplankton, and netprimary production (NPP) to refer to the amount of organic carbon that is notconsumed by autotrophs respiration.The exchange of CO2 between the ocean and the atmosphere is ulti-mately determined by the gradient of partial CO2 pressure (pCO2). The par-tial pressure of CO2 in seawater is regulated by physical transport, such asthe upwelling or mixing of CO2-rich waters, and by biotic processes. Dur-ing photosynthesis, dissolved inorganic carbon is removed from the surfacewaters, reducing the partial pressure of CO2, which contributes to CO2 trans-fer from the atmosphere to the ocean. During respiration, however, organicmatter is oxidised resulting in CO2 production, counterbalancing the effectof photosynthesis. The balance between photosynthesis and respiration ofthe planktonic community as a whole (including respiration by heterotrophs),named net community production (NCP), determines the contribution of ma-rine biota to the CO2 exchange between the ocean and the atmosphere. If the
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Figure 1.1: The biological carbon pump. Reproduced from Ducklow and Doney (2011).
system is autotrophic (NCP > 0), photosynthesis exceeds respiration and anet amount of organic matter is produced, which can be exported outside theeuphotic layer (export production, EP), mainly in form of (sinking) particulateorganic matter (POM, Eppley and Peterson, 1979). Downward diffusion ofdissolved organic carbon (DOM, Hansell and Carlson, 1998) has also beenreported to support a significant fraction (15–20%) of carbon export to thedark ocean (Falkowski et al., 2003, Carlson et al., 1994). The ability of themarine biota to drive pCO2 drawdown in the ocean and consequent seques-tration of atmospheric CO2 is named the biological carbon pump. In upwellingecosystems a substantial amount of export might also occur by lateral advec-tion. The exported carbon is likely oxidised in deeper waters, enriching theocean interior with inorganic carbon. Because waters from the interior arenot in contact with the atmosphere, the enrichment effectively removes CO2from the atmosphere over the time scales associated with the ventilation ofthe deep ocean. Otherwise, if NCP < 0 the system is net heterotrophic, anda external supply of organic matter is needed to satisfy the demand by theplankton community.
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Nitrate depletion before 
Phosphate is depleted
Figure 1.2: Plot of near-surface concentrations of phosphate versus nitrate from selectedWOCE cruises and the full set of GEOSEC cruises. The grey line with a slope of 16:1represents the Redfield N:P proportion. Note that in most regions of the world ocean,nitrate becomes depleted before phosphate. Reproduced from Sarmiento and Gruber (2006).
Besides carbon, phytoplankton require many different chemical elementsin order to build the molecules essential to life. As reported in the classi-cal Redfield (1958) paper there is a reasonable degree of uniformity in themeasured chemical composition of plankton in the different oceans, althoughdifferent phytoplankton species can have different chemical composition, whichcan also vary regionally (Martiny et al., 2013). The Redfield ratio is the ratioat which different chemical elements are present in averaged phytoplanktonbiomass. It defines the stoichiometry of photosynthesis and remineraliza-tion reactions (Tyrrell, 2001), which can be expressed in terms of carbon (C),oxygen (O) and the main macronutrients, nitrogen (N) and phosphorus (P):
106 CO2 + 16 HNO3 + H3PO4 + 78 H2O −−→←−− (C106H175O42N16P) + 150 O2(1.1)where the term in parentheses is a simplified average formula for phyto-plankton. This equation contains a two-way arrow because the reaction isreversible. The net synthesis of organic matter consumes CO2, nitrate (NO−3 )and phosphate (PO3−4 ) and increases O2. The reverse reaction is the rem-ineralization of organic matter. The biological carbon pump, as a result ofthe biological uptake of nutrients in the well–lit layers of the ocean and its
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Figure 1.3: Biological nitrogen cycling in the euphotic layer. Reproduced from Sarmientoand Gruber (2006).
remineralization in deeper waters, shapes the vertical distribution of nutrientsin the water column, which are removed from the surface and transported intodepth. The stoichiometric proportions of dissolved inorganic nutrients in theseawater reflect the effect of the biological activity, and they are usually foundin Redfield proportions as exemplified in Figure 1.2 for nitrate and phosphate.Deviations from this general trend have been used as “tracers” to detect andquantify relevant biogeochemical processes.Some of the nutrients required for photosynthesis are plentiful in theocean (e.g., sodium, calcium, sulphur) and never run out as a result of uptakeby phytoplankton. Others (nitrogen, phosphorus, silicon, iron) are more orless exhausted throughout most of the surface oceans as a result of biolog-ical uptake, impeding further growth of phytoplankton. In most open oceanregions, nitrogen is the main macronutrient limiting phytoplankton growth(Moore et al., 2013), and nitrate is usually depleted before phosphorus (seeFigure 1.2 and Falkowski, 1997). Due to its importance, some of the mostimportant processes of the biological carbon pump can be defined in termsof nitrogen. Primary production can be based on nitrogen that is recycledwithin the euphotic zone (regenerated production, RP), usually in the form of
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urea or ammonia (NH4+), or on nitrogen recently supplied from outside theeuphotic zone (new production, NP), usually in the form of nitrate (Figure1.3).The functioning of the biological carbon pump can be then characterisedin terms of the export production using the export ratio, defined as the amountof carbon exported from the surface layer divided by the total amount pro-duced through photosynthesis (e = EP/NPP). Alternatively, the f-ratio canbe used, defined as the ratio of new production to the sum of new plus regen-erated production (f = NP/(NP + RP)). When sufficiently large temporaland spatial scales are considered, net community production, export produc-tion and new production (assuming a fixed C:N ratio of the produced organicmatter) should be equivalent, in order to maintain the steady state conditionand prevent significant organic carbon accumulation or drawdown.Not only the balance between production and respiration processes in theupper illuminated layers (epipelagic) of the ocean is relevant for the function-ing of the biological carbon pump. Part of the material exported out of thephotic zone is remineralized within the mesopelagic or ’twilight’ zone (ca. 150– 700 m), where light penetrates but it is not sufficiently intense to supportnet photosynthesis (Weinbauer et al., 2013). This zone acts as a hub betweensurface and deeper layers, potentially controlling the export of carbon to thedeep ocean through the strength of recycling processes. The intensity of theseprocesses determines the time that the CO2 produced by respiration is storedin the deep ocean, isolated from the atmosphere, and thus controlling the CO2exchange between both media (Kwon et al., 2009). Despite their geochemicalrelevance, mesopelagic microbial communities are poorly sampled in compar-ison with those from the epipelagic, and important knowledge gaps remain(Weinbauer et al., 2013, Burd et al., 2010, Arístegui et al., 2009). One of themain conundrums is that organic carbon supply estimates, accounting for bothsinking POC and DOC, are consistently insufficient to satisfy the estimatedcarbon demand of the mesopelagic communities (Arístegui et al., 2002, Burdet al., 2010). This imbalance could be compensated by other sources of or-ganic carbon, such as non-sinking or suspended POC (Herndl and Reinthaler,2013, Baltar et al., 2010, Alonso-González et al., 2009), and active biolog-
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ical flux by zooplankton (Putzeys et al., 2011, Giering et al., 2014). Thisdiscrepancy could also be the result of methodological uncertainties in thedetermination of planktonic metabolic rates.
1.2 Determination of biological production and res-piration rates
Different methods are used to characterise the productivity of the planktoniccommunities, based on the fact that photosynthesis (and respiration) can bequantified by evaluating the increase (decrease) of organic carbon and O2 con-centrations and the decrease (increase) of dissolved inorganic carbon (DIC) ornutrients, in situ or during in vitro incubations. Marine primary production isfrequently measured with the 14C method, introduced by Steemann-Nielsen(1952). Samples are collected and the dissolved inorganic carbon pool is la-belled with a known amount of radioactive 14C-bicarbonate. After incubationin clear containers, carbon fixation is quantified by liquid scintillation count-ing to detect the appearance of 14C in organic form. This method yields anestimate that lies somewhere between GPP and NPP, depending on environ-mental (and incubation) conditions and the history of the population beingmeasured (Ducklow and Doney, 2011). The light-dark oxygen method is astandard approach for measuring photosynthesis and respiration in aquaticsystems. The experiments often involve paired light and dark bottles, wherethe rate of change in O2 for the light bottle is equated with NCP and the darkbottle change is equated with community respiration (R); planktonic GPP canbe then estimated. Respiration rates in the twilight and dark ocean are oftentoo low to be detected by this method, but they can be estimated indirectly bymeasuring the activity of the electron transport system (ETS, Packard, 1971).Several in situ geochemical techniques have been used to determine NCPrates in the ocean based on O2 and DIC budgets (e.g. Jenkins, 1982, Emersonet al., 1997, Gruber et al., 1998, Riser and Johnson, 2008, Quay et al., 2010).Respiration rates in the mesopelagic can determined from seasonal variationsof the oxygen concentration where this signal is strong enough (Jenkins and
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Goldman, 1985), and also by using the apparent oxygen utilisation (AOU =[O2]equilibrium-[O2]) tracer and information about the age of the correspondingwater masses. Both in vitro and geochemical estimates have their own strongand weak points. Whereas in vitro measurements are usually limited by theirshort time coverage (typically 24h) and subjected to the effects of manipulationand enclosing of the planktonic community, in situ determination of biologicalrates is often constrained by the need of accurately modelling the physicalprocesses (i.e. mixing and gas exchange).Export production by sinking organic particles is usually determined byusing sediment traps, designed to directly capture the flux of particles fromthe euphotic zone (e.g. Buesseler et al., 2000, Owens et al., 2013).Rates of new (regenerated) production can be determined directly by themeasurement of the uptake of nitrate (ammonia) labelled with 15N (Dugdaleand Goering, 1967). Unfortunately, in oligotrophic waters direct determi-nation of 15N-labelled nitrate incorporation is complicated by the extremelylow ambient nutrient concentrations. Furthermore, recent evidence suggeststhat a large fraction of incorporated nitrate originates from euphotic zone ni-trification in these ecosystems, and hence, the assimilation of this nutrientcannot be always associated with new production (Yool et al., 2007). Forthese reasons, new production is commonly estimated by quantifying the dif-ferent processes that supply new nitrogen into the photic layer (eg. Lewiset al., 1986, Jenkins, 1988, Siegel, 1999).
1.3 New nitrogen supply in the oligotrophic ocean
The subtropical gyres occupy about 60% of the global ocean surface. In thesevast biomes, the upper water column shows relatively permanent stratifica-tion resulting in poor exchange between the euphotic layer and the deeperocean, with almost complete depletion of nutrients in the surface (oligotrophicconditions). As a consequence, the planktonic community is mainly composedby microbial organisms of small size (e.g. <2 µm), and chlorophyll concen-trations and primary production rates are typically low compared to othermarine regions. Nutrient regeneration dominates primary production in these
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Figure 1.4: Conceptual diagram of the new production paradigm in the subtropical gyres (a)up to 1990 and (b) current status. Reproduced from Lipschultz et al. (2002).
ecosystems, resulting in f and export ratios of typically 0.15 (Laws et al.,2000), meaning that ∼ 15% of the net primary productivity is sustained bynew nutrients and, hence, results in net carbon export. For these reasons,these regions were historically considered as the oceanic equivalent of landdesserts. However, these biomes are surprisingly productive based on esti-mates of net organic carbon production and export (Emerson et al., 1997).Moreover, when considering their vast extension, their contribution could ac-count for 30% of the global marine carbon export (Najjar and Keeling, 2000).The classical paradigm of new production in the subtropical and tropicaloceans during the 80’s and beginning of the 90’s was that new production
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in these stratified regions, where winter convection presumably resulted inweak nutrient input, was dominated by the diapycnal (across density surfaces)diffusive flux of nitrate from below the photic zone (Figure 1.4.A). This flux isoriginated by the nitrate gradient maintained by the export of organic matterin the form of sinking flux, and the subsequent nutrient depletion in the photiczone. For many years this paradigm propitiated intense research and debateas estimates of diffusive nitrate input (Lewis et al., 1986) were insufficientto match the demand needed to account for the biogeochemical estimates ofnet community production (Jenkins, 1982, Jenkins and Goldman, 1985) in theintensively studied Sargasso Sea (subtropical northwestern Atlantic).More recently, this simple picture has been enlarged with multiple pro-cesses, which possibly contribute to the new nitrogen supply in oligotrophicregions and help to solve the controversy of the “missing nitrogen” (1.4.B).Time series studies promoted by the JGOFS program (Karl et al., 2001) re-vealed that subtropical regions, such as the BATS site (Bermuda AtlanticTime-series Study, 31.7 ◦N – 64.2 ◦W) located in the northern Sargasso Sea,are characterised by a marked seasonal cycle with relatively deep wintermixing, whereby a significant amount of the annual new nitrogen entrainsinto the photic layer (Siegel, 1999, Williams, 2000). Mesoscale eddies (∼100Km, ∼ 1month) have also been identified as important mechanisms forthe upward transport of nutrients (McGillicuddy and Robinson, 1998, Oschliesand Garçon, 1998).In the new paradigm, the unidimensional (vertical) framework in whichnew production was traditionally formulated has also been questioned. Jenk-ins and Doney (2003) have argued that three-dimensional nutrient circulationwithin the North Atlantic subtropical gyre is required to close the nutrientbudget in this region. Furthermore, the transfer of organic matter from adja-cent, more productive areas (Mahaffey, 2004), by means of Ekman transport(Williams, 2000) or upwelling filaments (Álvarez-Salgado et al., 2007), couldalso be important. Horizontal transport could be specially important in someregions of the subtropical ocean, as for example the eastern subtropical NorthAtlantic, which is influenced by the nearby African upwelling (Arístegui et al.,2003, Alonso-González et al., 2009). Very recently, fluxes mediated by mi-
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grating phytoplankton have been reported to transport nitrate into the photiclayer at similar rates to those of diffusive transport (Villareal et al., 2014).Atmospheric dry and wet fluxes of nitrogen in bioavailable forms (NHx,NOy, organic N) into the open ocean have also been revealed as significantcontributors to new production (Prospero et al., 1996). Furthermore, thesefluxes are experiencing an important increase as a result of anthropogenicactivities (Duce et al., 2008). In the last decade, the biological fixation of at-mospheric N2 by marine diazotrophic cyanobacteria has emerged as a globallysignificant process, which can equal the input of nitrate through diffusion inthe tropical and subtropical ocean (Capone, 1997, Capone et al., 2005). At-mospheric deposition and biological N2 fixation have particular implicationsfor the functioning of the biological carbon pump. Advection and diffusionof nitrate from deeper waters brings with it an approximately stoichiometric(Redfield) proportion of CO2, rising pCO2 at the ocean surface. This is not thecase for N2 fixation and atmospheric deposition of nitrogen, and, hence, theyare the only sources of new nitrogen, together with riverine inputs, which canlead to a net sequestration of CO2.Because turbulent diffusion of nitrate into the photic layer and biologicalN2 fixation are a major focus of this thesis, a more extensive description ofthese processes is provided in the following sections.
1.3.1 Nitrate turbulent diffusion into the photic layer
The biological consumption of nutrients (i.e. nitrate) in the sunlit waters ofthe ocean, and the subsequent remineralization of organic matter in deeperwaters, generates a vertical nutrient gradient. In the classical paradigm, theupward diffusive flux of nutrients was considered as the main process re-sponsible for preventing complete nutrient starvation, and sustaining primaryproductivity in the open oligotrophic ocean. Today, despite the recognitionof other potentially relevant nutrient sources, diapycnal diffusion of nitratestill remains considered as a major nutrient source in permanently stratifiedregions of the ocean. However, methodological pitfalls have historically hin-dered the determination of its magnitude, and the description of its temporal
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and spatial variability.In the ocean, diapycnal (or vertical) fluxes of dissolved substances (i.e.nitrate, NO−3 ) are usually described by Fick’s law:
FNO3− = −K ∂[NO3−]∂z (1.2)
where ∂[NO3−]/∂z is the nitrate vertical gradient and K is the vertical (ordiapycnal) diffusivity. In non-turbulent waters, K equals the molecular dif-fusivity for tracers in seawater K ∼ 1 · 10−9m2 s−1. In the ocean, turbulentmovements stir and stretch the material surfaces in the small scales (1 mm– 1 cm), enhancing the small-scale concentration gradients so that moleculardiffusion can proceed rapidly enough to influence the large scale distributionof properties. Turbulent diffusion in the ocean is also modelled using equation1.2 but, in this case, K is the turbulent diffusivity constant, whose value isusually much larger than molecular diffusivity. The methodological difficultiesposed by the determination of the magnitude of diapycnal turbulent diffusivityin the ocean have historically been a major obstacle to accurately estimatenitrate diffusive fluxes into the photic layer and deserve further attention.
1.3.1.1 Turbulent mixing in the ocean
What is and what causes turbulence?
Turbulence is a characteristic of many natural flows and a ubiquitous featureof the ocean. Turbulence is generally accepted to be an energetic, rotationaland eddying state of motion that results in the dispersion of material andthe transfer of momentum, heat and solutes at rates far higher than those ofmolecular processes alone (Thorpe, 2007). Perhaps its most important prop-erty, and one that is generally used to characterise it, is that, by generatingrelatively large gradients of velocity at small scales, typically 1 mm to 1cm, turbulence promotes conditions in which viscous dissipation transfers thekinetic energy of turbulent motion into heat (Thorpe, 2007). Different pro-cesses introduce kinetic energy in the ocean at macroscopic scales, rangingfrom some meters to several thousands of kilometres. This energy is trans-
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ported into successively smaller scales, until the turbulent microscopic scalesare reached and, there, energy is finally dissipated into heat by molecularviscosity. In the open ocean, two layers are often distinguished which arecharacterised by different intensity levels of turbulence and mixing, and dif-ferent mechanisms driving this turbulence: the upper boundary layer and theocean interior.The upper boundary layer acts as a buffer between the ocean and theatmosphere. The turbulent motions in this layer are mainly driven by thebuoyancy (in the form of heat and freshwater) and wind momentum transferfrom the atmosphere (Moum and Smyth, 2001, Franks, 2014), and also byLangmuir circulation resulting from the interaction of wind and surface waves(Belcher et al., 2012). The boundary layer is characterised by high levelsof turbulence and mixing and is generally weakly stratified, i.e. the verticaldensity gradient is usually small.By contrast, the ocean interior shows a permanent density stratificationthat mitigates the development of intense turbulent motions. Here, the on-set of strong turbulence occurs only when conditions are favourable for thedevelopment of Kelvin-Helmholtz or shear instabilities. This occurs whencurrents are present that have a vertical variation of their intensity (shear)that is strong enough to overcome the stabilising effect of density stratifica-tion. Dimensionless quantities are a useful tool for describing instabilities influid dynamics. The shear instability is commonly characterised by using thegradient Richardson (Ri) number, defined as Ri = N2/S2. In this equation,N2 = −gρ−1∂ρ/∂z is known as the squared buoyancy frequency, which isrelated to the vertical density (ρ) gradient (i.e. stratification) and the grav-ity constant (g), and S2 = (∂U/∂z)2 is the squared vertical gradient of thehorizontal velocity (shear). The onset of the instability, and the transmissionof turbulent kinetic energy into the turbulence scales occurs when Ri is low(typically Ri < 1, Henyey et al., 1986). Turbulent diffusivity driven by thisprocess can reach values as high as 10−4–10−3 m2 s−1. In the open ocean,this occurs only in restricted areas under the influence of strong currents.In the bulk of the ocean interior, away from the influence of the atmosphere,strong currents or topography, turbulent mixing is driven by small-scale shear
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induced by the breaking of internal waves which propagate along and acrossisopycnal surfaces (Munk and Wunsch, 1998). Turbulence and mixing by thismechanism is patchy and ubiquitous, and the canonical value for internal-wave driven turbulent diffusivity is ∼ 10−5 m2 s−1 (Gregg, 1998).Besides mechanical or shear-induced turbulence, which is driven by thetransfer of kinetic energy from the mean flow and waves into the turbulencescales, diffusion in the ocean interior can also be caused by double diffu-sive processes. The mean density of the ocean increases with depth: it is‘stratified’ in density. This stable stratification is mainly driven by a temper-ature increase towards the surface, maintained by the solar heating and theocean general circulation. For this reason, the depth range of the ocean inte-rior where stratification is maximum, and relatively constant, is known as themain thermocline. However, seawater density is also determined by the con-tent of dissolved salts (salinity) and its vertical variation can influence oceanstratification. Due to the dominance of evaporation and also to the inflow ofsalty water from the Mediterranean Sea, in vast regions of the (sub)tropicaloceans, in particular the Northeast subtropical Atlantic, a net stable densitystratification, maintained by the temperature gradient, can coexist with anunstable salt stratification (salty water overlying fresher water) in the mainthermocline. As the result of different molecular diffusivities of heat and salt,an instability known, owing to its characteristic shape, as salt fingers candevelop. This mechanism effectively transports mass, promotes mixing, andtransfers the potential energy accumulated by the unstable salt stratificationinto the turbulent field (Schmitt, 1981). The non-dimensional parameter usedto describe this kind of instability is the density ratio, Rρ = α∂zT /β∂zS,where α and β are the thermal expansion and salinity contraction coeffi-cients, respectively, and ∂z is the vertical gradient. This parameter relatesthe contribution of the vertical gradients of temperature and salinity to den-sity stratification. Salt fingers are theoretically possible when a top-heavysalt stratification exists and the density ratio does not exceed the ratio ofthe molecular diffusivities of salt and heat, 1 < Rρ < κT /κS ∼ 100 (Schmitt,2003).
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Figure 1.5: A commercial turbulence microstructure profiler (MSS, Prandke and Stips,1998). Illustration by M. Alcaraz.
Measurements and parameterizations of turbulence and diffusivity
Ocean turbulence has been extremely difficult to measure in the past. The firstestimate of the diffusive supply of nitrate into the photic layer was reportedin the mid 80’s by Lewis et al. (1986). These authors used a free-fallingmicrostructure turbulence profiler to estimate a diapycnal diffusivity constantthat allowed for the calculation of the nitrate flux. However, commercialversions of this equipment were only made available one decade later (Figure1.5, Prandke and Stips, 1998, Wolk et al., 2002). Also, only after the late90’s, tracer release experiments were performed, which allowed independentvalidation of microstructure diffusivity estimates (Ledwell et al., 1998, Schmittet al., 2005). Today, microstructure profilers have gained popularity, and theyhave been used to measure turbulence properties (Hibiya et al., 2007, Cuyperset al., 2012, St. Laurent et al., 2012, Fischer et al., 2013), and to determinenutrient fluxes into the photic layer in several parts of the World’s oceans(Sharples et al., 2009, Schafstall et al., 2010, Mouriño-Carballido et al., 2011,Bonnet et al., 2011, Arcos-Pulido et al., 2014).Microstructure turbulence profilers usually incorporate microstructure tem-
16 Introduction
perature and shear sensors. These sensors are designed to measure twoimportant quantities describing the turbulence field: the dissipation rate ofthermal variance (χ) and the dissipation rate of turbulent kinetic energy (ε).The use of the classical Osborn and Cox (1972) (Kχ = 0.5χ/(∂zT )2) and Os-born (1980) (Kε = Γε/N2) models allows for the calculation of the verticaldiffusivity of heat and mass, respectively, based on measurements of χ and ε.Except for particular flow conditions (Bouffard and Boegman, 2013, Gargett,2003), and for the case of double diffusion (St Laurent and Schmitt, 1999),heat and mass diffusivity can be considered equivalent and also equivalent todiffusivity of dissolved substances. The parameter Γ, sometimes called mixingefficiency, has not been theoretically determined for mechanical turbulence,and it is usually assumed to be Γ ∼ 0.2, based on experimental evidences(Oakey, 1982, 2004). Salt fingers theory predicts that mixing efficiency forthis process can be several times higher compared to that of mechanical tur-bulence (McDougall, 1988). Although more recent measurements indicatethat high efficiency is only observed for a restricted range of stratificationconditions (1 < Rρ < 2) in the absence of significant mechanical turbulence(high Ri) (St Laurent and Schmitt, 1999), salt fingers have been revealed asan efficient mixing mechanism (Schmitt et al., 2005) that can possibly havea significant impact on nutrient fluxes in the global ocean (Glessmer et al.,2008).Due to the difficulty to measure turbulence in the field, and the need tointroduce accurate representation of this process in ocean models, a num-ber of parameterizations have been developed to estimate vertical mixing asa function of macroscopic quantities, such as Ri or shear, for shear-inducedand internal wave turbulence, (Gregg, 1989, Pacanowski and Philander, 1981,Jackson et al., 2008), and Rρ for double diffusive processes (Schmitt, 1981,Kelley, 1990) in the ocean interior; and by using atmospheric fluxes in theupper boundary layer (see a comprehensive review by Franks, 2014). Indi-vidual parameterizations for all the relevant mechanisms were integrated intothe K-profile parameterisation (KPP, Large et al., 1994), which is frequentlyused in ocean models.
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1.3.2 Biological N2 fixationMolecular nitrogen (N2) is the most abundant form of nitrogen in the bio-sphere, but it remains inaccessible for most marine organisms due to the highenergetic investment needed to break the nitrogen triple bound. Only a re-duced group of prokaryotic organisms, named diazotrophs, are able to performa process called nitrogen fixation, by which gaseous N2 is transformed intoa reduced, bioavailable form of nitrogen (ammonia, NH4+). The reaction ofnitrogen fixation is catalysed by the nitrogenase enzyme complex, which isextremely sensitive to oxygen. Its most common form in the ocean is made upof two distinct proteins: dinitrogenase reductase (the Fe protein) and dini-trogenase (the FeMo protein). The nitrogenase proteins are highly similaramong diazotrophs, and the well-conserved nifH gene, encoding the Fe pro-tein, is commonly used for phylogenetic and ecological studies (Sohm et al.,2011b). As most marine N2-fixing organisms cannot be identified based ontheir morphology, the development of molecular techniques has been a keytool to broaden the knowledge about this process during the last decade.Diazotrophy (N2 fixation) can relieve the widespread N limitation of phy-toplankton and, together with the denitrification1 and annamox2 reactions andexogenous inputs from terrestrial systems, controls the amount of bioavailablenitrogen and primary productivity in the marine environment over geologicaltime scales (Gruber, 2008, Falkowski, 1997). In the 60’s it was already ac-knowledged that N2 fixation was a potential source of new N in the olig-otrophic oceans, however, for many years, the relative importance of newlyfixed N was considered to be minor compared to the upwelling or diffusiveflux of nitrate from deep waters (Dugdale et al., 1961, Capone and Carpen-ter, 1982). Since the end of the 90’s, evidence has been accumulating, fromgeochemical (Gruber and Sarmiento, 1997) and in vitro estimates (Caponeet al., 2005), that marine N2 fixation is a globally significant process thatcan represent a significant fraction of new nitrogen supply in tropical and
1Denitrification: Reduction of oxidised forms of N, including nitrate and nitrite, to N2 gas,resulting in loss of biologically-available N from the ecosystem2Anaerobic ammonium NH4+ oxidation to N2
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subtropical regions (Mahaffey et al., 2003). However, the estimated N inputthrough diazotrophy based on direct observations (137TgNy−1, see Table1.1, Luo et al., 2012, Landolfi, 2015) or biogeochemical approaches (110–170TgNy−1 Gruber and Sarmiento, 1997, Deutsch et al., 2007, Landolfiet al., 2013) could be insufficient to counterbalance the N loss by denitri-fication processes (>400TgNy−1, Codispoti, 2007). This implies that eitherN2 fixation (denitrification) rates are underestimated (overestimated), or thatthe biologically available N budget is slightly imbalanced (Falkowski, 1997).
1.3.2.1 Determination of N2 fixation ratesIn vitro approaches have been used to measure N2 fixation rates in the ocean.The acetylene reduction (AR, Stewart et al., 1967) and the incorporationof 15N2 (Montoya et al., 1996) are the current available techniques for thedetermination of in vitro N2 fixation. For many years, the AR method wasthe standard in field studies. This technique benefits from the low substratespecificity of the nitrogenase enzyme and uses acetylene (C2H2) as an ana-logue of N2 to measure nitrogenase activity. Acetylene reduction is convertedinto N2 fixation rates by using a theoretical conversion factor of 3:1. As thistechnique does not take into consideration the exudation of recently fixed N,the derived fixation rates should be interpreted as gross N2 fixation rates.The 15N technique gained popularity in recent years thanks to the develop-ment of mass spectroscopy techniques. This method directly measures the N2incorporation into biomass through the injection of an isotopically-labelled15N2 bubble into the sample, and it is interpreted as net N2 fixation. Re-cent studies reported the underestimation of N2 fixation rates by this method,due to slow equilibration between the bubble and the water sample (Mohret al., 2010, Grosskopf et al., 2012). On the other hand, it has been recentlydemonstrated that the contamination of 15N-enriched gas bottles can resultin overestimated N2 fixation rates (Dabundo et al., 2014).Assessing the biogeochemical relevance of N2 fixation requires extrapo-lation of measured rates to larger spatial and temporal scales. However, theextrapolation of direct observations is sometimes problematic as field mea-surements are constrained by the short temporal and limited spatial resolu-
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tion, and possibly affected by bottle effects. This is particularly critical in thecase of N2 fixation, for which the assumption of uniformity both in the temporaland spatial dimensions is not appropriate, considering that a large fraction ofthe total N2 fixation in the sea is probably due to sporadic, heterogeneouslydistributed blooms (Karl et al., 2002). Alternatively, methods based on thegeochemical imprint of N2 fixation can be used to infer the large scale signif-icance of this process. Diazotrophic activity can be detected by its isotopicsignature in planktonic biomass. Dissolved N2 has low 15N/14N proportion(δ15N = ((15N/14N)sample/(15N/14N)standard − 1) · 1000 ∼ 0.6h) in comparisonwith bioavailable forms of nitrogen such as nitrate (δ15N ∼ 5h) and, thus,the δ15N of plankton biomass can be used as a proxy for the relevance of N2fixation. Based on the idea that N2 fixation (denitrification) leads to a net in-put (loss) of bioavailable N without a corresponding proportion of phosphorus,Michaels and Knap (1996) proposed the use of the N∗ (= [NO−3 ] -16 [PO3−4 ]+ 2.70) tracer to quantify these processes from nutrient distributions. Thepresence of positive N∗ in subsurface waters has been interpreted as a resultof the remineralization of organic matter whose production was directly or in-directly sustained by N2 fixation. Combined with water-mass age estimates,this signal has been used to infer basin and global-scale N2 fixation rates(Gruber and Sarmiento, 1997, Hansell et al., 2004, 2007). Both, the δ15N oforganic matter and the N∗ tracer, can be affected by different processes otherthan N2 fixation itself, posing difficulties for the interpretation of geochemicalestimates. Isotopic fractionation (enzymatic reactions favouring 14N-bearingsubstrates) favours the release of low-15N ammonium by zooplankton that isconsumed by phytoplankton and fuels regenerated production. Hence, lowδ15 can also be interpreted as a signal of intense recycling. Moreover, at-mospheric deposition of anthropogenic material can also produce a low δ15signal (Holtgrieve et al., 2011). Preferential remineralization of phospho-rus (Wu et al., 2000, Monteiro and Follows, 2012) with subsequent exportof P-depleted organic matter, and also atmospheric deposition of nitrogen ofanthropogenic origin (Zamora et al., 2010), have been identified as potentialcontributors to the generation of N∗ > 0 in the ocean.
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Figure 1.6: A spherical Trichodesmium colony (puff). Image provided by A. Fernández.
1.3.2.2 Marine diazotrophs
Heterotrophic bacteria containing the nifH gene have been recently describedin the open ocean (Riemann et al., 2010). This hitherto unaccounted sourceof newly fixed N can potentially help to reconcile the marine N budget andprovides an exciting field of future research. However, cyanobacteria are stillconsidered as the major contributors to N2 fixation in the pelagic environmentand, hence, we focus here on these intensively studied, but still elusive andintriguing organisms.As diazotrophic cyanobacteria are all phototrophs, and most of them pho-toautotrophs, the different groups have developed different strategies to dealwith the nitrogenase inhibition by oxygen. These strategies include the con-finement of nitrogen fixation to the heterocysts, differentiated cells that donot evolve oxygen, and the spatial or temporal separation of photosynthesis(LaRoche and Breitbarth, 2005). According to this and other characteristics,the N2-fixing cyanobacteria usually found in the open-ocean can be classifiedinto three major groups (Zehr, 2011):The filamentous non-heterocyst-forming Trichodesmium. During the late
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Figure 1.7: Epifluorescence microscopy image of the prymnesiophyte/UCYN-A symbiosistargeted by a double CARD-FISH assay. The image correspond to the combined signalof the prymnesiophyte specific probe UPRYM69 (green-labelled host under blue light exci-tation) and the cyanobacteria probe UCYN-A732 (red-labelled symbiont under green lightexcitation). Image provided by A. M. Cabello.
organisms are particularly relevant for the functioning of the biological car-bon pump as, due to the natural tendency of diatoms to sink, the diazotrophicactivity by DDA’s can significantly enhance carbon export to the deep ocean(Scharek et al., 1999, Subramaniam et al., 2008, Karl et al., 2011).Three groups of small (< 10 µm) unicellular cyanobacteria: the uncul-tured UCYN-A, Crocosphaera watsonii (UCYN-B), and a clade related toCyanothece sp. (UCYN-C). The occurrence of N2 fixation and the diversity ofdiazotroph species in the <10 µm plankton fraction was recognised only abouta decade ago, thanks to the development of molecular techniques that permit-ted the identification and quantification of the nifH gene copies (Zehr et al.,1998, 2001). The application of polymerase chain reaction (qPCR) unveiledthe ubiquity of these diazotrophs (Langlois et al., 2008, Goebel et al., 2010),whose contribution to N2 fixation can locally exceed that of Trichodesmium(Montoya et al., 2004, Benavides et al., 2011), thus shifting the paradigm ofmarine N2 fixation (Moisander et al., 2010). Crocosphaera (UCYN-B) is atypical unicellular free-living N2-fixing cyanobacterium, 3–8 µm in diameter,which fixes N2 at night, can form small colonies and is more abundant at hightemperatures (∼30 ◦C). UCYN-A, with a diameter of less than 1 µm, is un-usual as it does not have genes for the oxygen-evolving photosystem II or the
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carbon fixation enzyme RuBisCO, and thus is a photoheterotroph dependenton organic carbon. It has been recently demonstrated that it lives in obli-gated symbiosis with unicellular prymnesiophyte algae (Cabello et al., 2015),which receives fixed N from UCYN-A in exchange of organic carbon (Thomp-son et al., 2012) (Figure 1.7). The absence of an oxygen-evolving systemallows UCYN-A to fix N2 during the day (Zehr et al., 2007). High densitiesof UCYN-A have been observed at temperatures ranging from 19◦ to 24 ◦C,but nifH transcripts have been encountered at temperatures as low as 12 ◦C(Needoba et al., 2007). Moreover, UCYN-A has been recurrently found, notonly at the surface, but also in the lower euphotic zone (Moisander et al.,2010). After Trichodesmium, organisms with the Group A nifH phylotype arethe most abundant diazotrophs in the tropical oceans. Several studies havereported that their large scale distribution in the Atlantic and Pacific oceansis complementary to that of Trichodesmium (Montoya et al., 2007, Langloiset al., 2008, Goebel et al., 2010, Moisander et al., 2010, Figure 1.8), due totheir different temperature preferences. These findings broaden the classicalparadigm of marine diazotrophy, where N2 fixation was restricted to warmwaters supporting Trichodesmium growth.
1.3.2.3 Global distribution of diazotrophs and N2 fixationThe growing interest on marine N2 fixation in the 90’s came along withthe recognition of the major role played by Trichodesmium (Capone, 1997,Bergman et al., 2013). During many years, attention was focused in thisorganism, which has been intensively studied in the tropical North Atlantic(NA) (Capone, 1997, Tyrrell et al., 2003, Moore et al., 2009, Fernández et al.,2010) where it represents a major component of the planktonic community(Carpenter and Romans, 1991), supports high rates of N2 fixation (Caponeet al., 2005, Fernández et al., 2010), and significantly contributes to primaryproductivity (Carpenter and Romans, 1991), specially in the western tropicalNA. The historical record of in situ N2 fixation measurements (Luo et al.,2012) indicates that areal N2 fixation is higher in the NA but, due to its nar-rower surface extension, represents the third basin with the largest total input(See Table 1.1). However, this conception could be biased by the unevenly
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Figure 1.8: Relative magnitude of N2 fixation and information about the prevailing limitingnutrient are shown in each area by the fill colour and outline, respectively. Black arrowsindicate relative strength (size) and sources of dust supply. The dominant diazotrophic groupsin each basin are indicated, with other abundant groups noted. Reproduced from Sohm et al.(2011b).
distributed sampling, as the NA is over-sampled compared to other regions(Sohm et al., 2011b). Estimates of N2 fixation rates by Trichodesmium in thisregion (250mmolNm−2 d−1 or 22.4TgNy−1, Capone et al., 2005) indicatedthat this input could account for a substantial fraction of the N2 fixation in-ferred by geochemical approaches (2.1–44.8TgNy−1 Gruber and Sarmiento,1997, Hansell et al., 2004), and could equal or exceed the diffusive supply ofnitrate (Capone et al., 2005). More recently, qPCR studies have confirmedthat Trichodesmium is the most abundant diazotroph in the tropical NA, al-though its abundance decreases towards the east and at higher latitudes(>30 ◦N), where UCYN-A becomes important (Langlois et al., 2008, Goebelet al., 2010), and possibly dominates N2 fixation in the east subtropical basin(Benavides et al., 2011). DDA’s display a patchy distribution in the oceansand their importance was already recognised in the early 90’s. High abun-dances and N2 fixation rates (989 µmolNm−2 d−1) by the Richelia/Hemiaulusassociation has been reported in the mesohaline waters of the Amazon riverplume (western tropical NA, Carpenter et al., 1999, Subramaniam et al., 2008).
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Table 1.1: Averaged N2 fixation rates for the main open-ocean basins computed from compi-lation of direct observations carried out by Luo et al. (2012). n refers to the number of data.Modified from Landolfi (2015).
Region Latitude n data Area Areal rate Basin rate1012 m2 µmolNm−2 d−1 TgNy−1North Atlantic 0–55 ◦N 125 36 170± 40 32± 7.4South Atlantic 40–0 ◦S 15 27 13± 44 1.8± 0.6North Pacific 0–55 ◦N 45 89 120± 22 56± 9.8South Pacific 40–0 ◦S 72 26 130± 46 46± 17Indian Ocean 40 ◦S–25 ◦N 4 62 590± 320 -Global 137± 9.2
Less information is available about diazotrophic activity in the South At-lantic compared to the northern basin. Trichodesmium is frequently detectedat very low abundances, or absent, in the South Atlantic subtropical gyre,and the reported N2 fixation rates are usually <30 µmolNm−2 d−1 (Table 1.1,Moore et al., 2009, Fernández et al., 2010, Sohm et al., 2011a). These rel-atively low fixation rates have been attributed to unicellular fixers (Mooreet al., 2009), though N2 fixation was also detected in the absence of nifNcopies from known cyanobacteria (Sohm et al., 2011b). N2 fixation in the Pa-cific ocean is generally dominated by unicellular fixers, both in the northerngyre (Church et al., 2008, Shiozaki et al., 2009) and the equatorial region(Bonnet et al., 2009). High abundances of Trichodesmium have been foundin the vicinity of Papua New Guinea (Bonnet et al., 2009) and the Hawaiianislands (Church et al., 2008). However, the small cyanobacterial diazotrophscontribute about 65% to N2 fixation at this location over seasonal scales(Grabowski et al., 2008). A summer diatom bloom is recurrently observednear Hawaii, associated with enhanced carbon export fluxes and sequestra-tion (Scharek et al., 1999). It has been recently demonstrated that summer-time increases in the biomass and productivity of DDA’s are the main cause ofthe prominent summer export pulse (Karl et al., 2011). In the poorly studiedSouth Pacific, UCYN-A dominates in number at water temperatures <25 ◦C,but Trichodesmium and Crocosphaera become more abundant in warmer wa-ters north of 20 ◦N (Moisander et al., 2010). However, the contribution ofthe different groups to the new N input is poorly constrained in this basin(Sohm et al., 2011b). Direct measurements suggest that both the North and
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South basins of the Pacific are characterised by moderate areal N2 fixationrates (120–130 µmolNm−2 d−1, Table 1.1) but, due to their larger area, thesebasins possibly represent the main contributors to the new N input throughdiazotrophy. The Indian ocean remains largely undersampled for diazotrophicphytoplankton abundance and N2 fixation rates, and hence, the contributionof this basin to global diazotrophy is unknown (Luo et al., 2012).
1.3.2.4 Controlling factors of N2 fixationThe distribution and abundance of the different diazotrophic groups and,hence, the magnitude of N2 fixation and the fate of the recently fixed Nis regulated by a combination of physical (light, temperature, water columnstability) and chemical factors (oxygen, nutrients availability). However, thesecontrol mechanisms remain poorly understood and are a matter of intense re-search and debate (Luo et al., 2014, Ward et al., 2013, Landolfi et al., 2015).Although the temperature domain of oceanic N2 fixation has been recentlyextended with the discovery of unicellular diazotrophic group-A cyanobacte-ria (Needoba et al., 2007), this process is still mostly restricted to seawatertemperatures between 20 and 30 ◦C (Stal, 2009). However, diazotrophy byautotrophic organisms is not directly precluded by low temperatures, as highrates of N2 fixation by heterocystous cyanobacteria are well known to occurin the brackish cold waters of the Baltic Sea. Higher temperatures, however,can select non-heterocystous species, as the heterocyst is not advantageouswhen O2 and N2 fluxes into the cells are low (due to reduced gas solubility athigher temperature and salinity), and O2 removal by respiration is enhanced.For non-heterocystous cyanobacteria, such as Trichodesmium, nitrogenase isdeactivated at temperatures . 20 ◦C, as a consequence of enhanced O2 fluxesinto the cell as well as reduced respiration rates, limiting the geographicalextension of these organisms (Stal, 2009). However, high surface water tem-perature alone is not sufficient to allow the proliferation of non-heterocystousdiazotrophic cyanobacteria, and the availability of nutrients such as N, phos-phorus (P) and iron (Fe) contribute to shape the large scale distribution ofdiazotrophic activity in the ocean (Moore et al., 2009, Ward et al., 2013,Schlosser et al., 2014).
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Due to the high energetic costs of N2 fixation in comparison to ammonia ornitrate assimilation, oligotrophic conditions in N are possibly a prerequisitefor the occurrence of N2 fixation at high rates, and the availability of fixednitrogen could inhibit diazotrophy (Mills et al., 2004). It is not always clearfrom addition experiments into natural samples or cultures (Mulholland et al.,2001, Mills et al., 2004, Sohm et al., 2011b) if a strong physiological feedbackis responsible for nitrogenase inhibition (Capone, 1997). But, in any case, theavailability of fixed nitrogen sources can reduce the competitive advantage ofdiazotrophs with respect to non-fixing phytoplankton. Fe limitation may beparticularly important for N2 fixation as Fe is a cofactor of nitrogenase, suchthat the cellular Fe requirements of diazotrophs are extremely high (Berman-Frank et al., 2001, Kustka et al., 2003). Together with P, Fe is believed tocontrol N2 fixation on short/local (Mills et al., 2004) and geological scales(Falkowski, 1997, Tyrrell, 1999, Moore and Doney, 2007). Direct evidencederived from Fe additions to natural populations and cultured Trichodesmiumdemonstrated the stimulation of N2 fixation by Fe (Paerl et al., 1994). Thetropical Atlantic is subjected to some of the highest mineral dust depositionrates in the world (Gao et al., 2001), and has high dissolved iron concentra-tions in surface waters relative to other oceanic basins (Mills et al., 2004).Fe fertilisation by the deposition of Saharian dust transported by the tradewinds is believed to be responsible for the high Trichodesmium abundances,and high N2 fixation rates in the tropical North Atlantic (Moore et al., 2009,Schlosser et al., 2014). According to this view, this intense diazotrophic activ-ity by Trichodesmium results in significant P uptake which causes the low Pconcentrations observed in the (sub)tropical North Atlantic (Wu et al., 2000).This contrasts, for example, with the southern basin, characterised by rela-tively low-Fe/high-P surface concentrations, weak N2 fixation and dominanceof unicellular diazotrophs. The lack of correlation between Fe concentrationsand iron content of Trichodesmium with N2 fixation in the Tropical Atlanticled to the conclusion that Fe requirements of this organism are satisfied inthis basin, driving N2 fixation towards P limitation (Sañudo-Wilhelmy et al.,2001) (see Figure 1.8). However, the addition of Fe, P and Saharian dust tonatural communities in the eastern tropical North Atlantic indicated a col-
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imitation by these two elements in autumn, when deposition rates are lower(Mills et al., 2004), suggesting that nutrient limitation might shift betweenboth elements depending on the intensity of Fe deposition. Fe concentra-tions in the Pacific are low, both in the northern (Brown et al., 2005) andsouthern basins (Blain et al., 2008), and addition experiments have shownthat amendments of this element can stimulate N2 fixation at some times ofthe year, suggesting that Fe could be the limiting nutrient for diazotrophyin this ocean (Wu et al., 2001, Grabowski et al., 2008, Sohm et al., 2011b).The proliferation of DDA’s occurs in restricted environments like the vicinityof the Hawaiian islands (Karl et al., 2011) and the Amazon River plume, andit is likely driven by the supply of silica needed for diatom growth.It has been proposed that a feedback mechanism exists between N2 fixationand denitrification that maintains the marine N budget in approximate balance(Tyrrell, 1999, Deutsch et al., 2007). According to this view, the regionaldistribution of N2 fixation would be explained by a spatial coupling withdenitrification, in such a way that N2 fixation is favoured when nutrients aresupplied with a low N:P ratio, i.e. in areas where denitrification takes placein deeper waters (Deutsch et al., 2007), such as the East tropical Pacific.However, this conceptual framework is difficult to reconcile with observations,which show low N2 fixation rates in relatively phosphate-replete waters andin areas where denitrification occurs and, conversely, high N2 fixation rates inthe western tropical North Atlantic, where surface phosphate is depleted andthe N:P proportion of the nutrient supply is above Redfield proportions (Palteret al., 2011). Furthermore, a direct spatial coupling between nitrogen sourcesand sinks could ultimately result in a net loss of fixed nitrogen, causingdestabilisation, rather than stabilisation, of the N cycle (Landolfi et al., 2013).Fe limitation of N2 fixation possibly contributes to the spatial decouplingbetween diazotrophy and denitrification (Moore and Doney, 2007, Weber andDeutsch, 2014), and could play an important role in controlling N2 fixationand primary productivity on geological time-scales (Falkowski, 1997). The ap-plication of the resource supply theory (Tilman, 1982) to the competition forinorganic Fe and P between non-fixing phytoplankton and diazotrophs (Wardet al., 2013) is consistent with this hypothesis, and with observations of Fe
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limitation of N2 fixation in most ocean regions (Ward et al., 2013, Dutkiewiczet al., 2014). However, in this approach diazotrophs are poor competitors fornutrients and diazotrophy is also favoured by excess P over N and, hence,high Trichodesmium abundances and N2 fixation rates in the western Trop-ical Atlantic are still difficult to explain unless excess P is advected fromneighbouring regions (Palter et al., 2011). Optimality-based models offer anew interpretation of the controls of diazotrophy in plankton communities,because conditions favourable for diazotrophy are not prescribed but emerge,indirectly, from trade-offs among energy and cellular resource requirementsfor the acquisition of P, N, and carbon Pahlow et al. (2013).
1.4 Regional heterogeneity in the subtropical gyres
The subtropical gyres have traditionally been considered as relatively uniformecosystems in time and space, supporting relatively homogeneous planktoncommunities (Karl et al., 2001). Based on that, results from a particularlocation have been usually considered representative for larger areas (Jenkins,1982, Lewis et al., 1986, Emerson et al., 1997). However, physical, chemicaland biological data collected from time-series programs (Michaels and Knap,1996, Karl et al., 2001) and basin-scale cruises (Marañón et al., 2003) inthese regions, revealed that these biomes are fundamentally dynamic in timeand heterogeneous in space.The North Atlantic subtropical gyre (NASG) is one of the best studiedopen-ocean regions and, in the past decades, it has been a major contributorto the development of our understanding of biogeochemical cycles in subtrop-ical regions. Two time-series stations, BATS and ESTOC (European Stationfor Time series in the Ocean, Canary Islands, 29.16◦N-15.5◦W), are locatedat about the same latitude in the western (NASW) and eastern (NASE) por-tions of NASG. The monthly sampling program was initiated in October 1988at BATS and in February 1994 at ESTOC, with the aim of tracking seasonal,inter-annual and inter-decadal changes in several biogeochemical variables(Steinberg et al., 2001, Neuer et al., 2007). Although both stations exhibittypical oligotrophic characteristics, they are characterised by different hydro-
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graphic dynamics. BATS is located in the recirculation of the Gulf Streamand it is strongly affected by mesoscale activity (Cianca et al., 2007). ES-TOC is entrained by the Canary Current and is indirectly influenced by thecoastal African upwelling, which export nutrients and organic matter towardsthe centre of the gyre (Pelegrí et al., 2005, Álvarez-Salgado et al., 2007). Thestudy of the time-series data revealed striking differences in the functioningof the biological carbon pump, between both sites. Although both stationsare characterised by similar phytoplankton biomass and primary productionrates, carbon export estimated by using sediment traps is significantly lowerat ESTOC, by a factor of 3− 5, than at BATS (Neuer et al., 2002a, Helmkeet al., 2010).It has been proposed that differences in the nutrient input due to the moreintense mesoscale activity observed at BATS (Siegel, 1999, Mouriño, 2003),could be responsible for the observed differences in carbon export. A compar-ative study using 10-year data collected at BATS and ESTOC, combined withsatellite altimetry data, indicated that the higher physical forcing dominantat BATS, with deeper mixed layers and more intense mesoscale dynamics, ispartly compensated by the shallower nutricline observed at ESTOC (Ciancaet al., 2007). According to these authors, NASE receives ∼75% of the nutri-ents available for new production at NASW, although this difference is notstatistically significant. Another source of new nitrogen that could explain theobserved differences in carbon export between the two stations is biologicalN2 fixation. Geochemical evidences, such as higher N∗ values in the west,suggest a more important role of diazotrophy in the western compared to theeastern basin (Palter et al., 2011). However, BATS is located northward of theregion were high N2 fixation rates and Trichodesmium blooms are frequentlyobserved (Capone et al., 2005) and the high N observed at this location couldbe partially due to advection along the Gulf Stream. Field studies have re-ported that both sites are characterised by low-moderate rates of N2 fixation(Luo et al., 2012), dominated by Thrichodesmium in the west (Orcutt et al.,2001) and unicellular fixers in the east (Painter et al., 2013, Benavides et al.,2011).The differences observed between the two stations in export rates of par-
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ticulate organic carbon could also be a consequence of differences in theremineralization rates of the sinking organic matter. The comparative analy-sis of respiration rates determined from in vitro oxygen evolution experimentsindicated higher oxygen consumption rates in the eastern part (Mouriño-Carballido and Neuer, 2008). It has been shown that atmospheric dust de-position can strongly stimulate bacterial respiration (Pulido-Villena et al.,2008). A series of eight microcosm experiments demonstrated that the mostfrequent and intense response of the microbial plankton to atmospheric dustdeposition in the tropical Atlantic is the stimulation of bacterial activity ratherthan phytoplankton primary production (Marañón et al., 2010). This is con-sistent with the results found at ESTOC, which is strongly influenced by thenatural atmospheric deposition of Saharan dust and where phytoplanktonicproduction seems not to be affected by aerosol inputs (Neuer et al., 2004). Onthe other hand, relatively high in vitro estimates of mesopelagic respirationin the Canary Current region have been attributed to remineralization of dis-solved and suspended particulate organic matter from the nearby upwellingsystem of NW Africa (Arístegui et al., 2003, 2005, Alonso-González et al.,2009).
1.5 Hypothesis, objectives and thesis outline
The main goal of this thesis was to investigate the regional variability innutrient supply and the synthesis and remineralization of organic matter in theoligotrophic ocean, with especial focus on the North Atlantic. Our particularhypotheses were:
Hypotheses
i. Nitrate diffusion mediated by salt fingers represents a significant sourceof new nitrogen in large areas of the oligotrophic ocean.
ii. The magnitude and control mechanisms of N2 fixation differ betweenNASW and NASE.
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iii. Remineralization rates of organic matter are higher in NASE than inNASW.
iv. Differences in N2 fixation and remineralization of organic matter betweenNASW and NASE explain the dissimilarities in the fluxes of sinking or-ganic carbon reported between both regions.
In order to test these hypotheses we identified the following goals:
Objectives
i. To describe regional patterns of dissipation rates of turbulent kinetic en-ergy and diapycnal diffusivity in the tropical and subtropical Atlantic,Pacific and Indian Oceans.
ii. To study the regional variability in the mechanism responsible for thegeneration of turbulence.
iii. To verify the performance of the KPP parameterization under differenthydrographical conditions.
iv. To evaluate the contribution of turbulent-driven nitrate diffusion, includingsalt fingers mixing, and N2 fixation to new nitrogen supply in the tropicaland subtropical Atlantic, Pacific and Indian oceans.
v. To investigate the role of N2 fixation and its interactions with atmosphericN deposition and preferential P remineralization reference stations lo-cated in NASW and NASE.
vi. To compute net production and shallow remineralization at the BATS andESTOC sites by using a 1-D tracer conservation model.
vii. To compute mesopelagic respiration at the ESTOC site by using a 1-Dtracer conservation.
In order to accomplish these goals we used a multidisciplinary approach,combining field observations of physical, chemical and biological propertiescarried out during the Malaspina 2010 expedition, and modelling techniques
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including optimally-regulated diazotrophy and tracer conservation modelsbased on the analysis of time-series data.This document is structured as follows. Microstructure turbulence obser-vations carried out in the tropical and subtropical Atlantic, Pacific and IndianOceans during the Malaspina 2010 expedition, the analysis of the mechanimsresponsible for the generation of turbulence, and the verification of the per-formance of the KPP parameterization are described in Chapter 2. Chapter 3evaluates the contribution of turbulence-driven nitrate diffusion, including theeffect of salt fingers mixing, and N2 fixation to new nitrogen supply during theMalaspina 2010 expedition. Chapters 4-6 are focused on describing regionaldifferences in the functioning of the biological carbon pump between NASWand NASE. Chapter 4 investigates the role of N2 fixation and its interactionswith atmospheric N deposition and preferential P remineralization in the tworegions, by using a optimality-based model. In Chapter 5, net productionand shallow remineralization rates, computed by using a 1-D tracer modelconservation built from 5-yr concomitant data of tracer distributions from theBATS and ESTOC sites, are described. Chapter 6 reports mesopelagic res-piration rates computed at ESTOC by using a 1-D tracer conservation modelapplied to climatological data. Finally, a synthesis of the main results andmain conclusions of this work are presented in Chapters 7 and 8, respectively.

Chapter 2
Microstructure turbulence anddiffusivity parameterization in thetropical and subtropical Atlantic,Pacific and Indian Oceans duringthe Malaspina 2010 expedition
Fernández-Castro, B., Mouriño-Carballido, B., Benítez-Barrios, V., Chouciño, P., Fraile-Nuez, E., Graña, R., Piedeleu, M., and Rodríguez-Santana, A. (2014). Microstructure tur-bulence and diffusivity parameterization in the tropical and subtropical Atlantic, Pacific andIndian Oceans during the Malaspina 2010 expedition. Deep-Sea Res. I, 94:15–30. (AppendixB)
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Abstract
Measurements of microstructure turbulence were carried out, in the upper300 m, in the tropical and subtropical Atlantic and Pacific oceans duringthe Malaspina 2010 expedition, by using a microstructure turbulence (MSS)profiler. Diapycnal diffusivity (Kρ) was estimated from dissipation rates ofturbulent kinetic energy (ε) measured by the MSS profiler, and also fromhydrographic and meteorological data by using the K-profile parameterization(KPP). In the mixing layer, averaged Kρ (169·10−4 m2 s−1) and ε (16.8·10−8 Wkg−1) were three and one orders of magnitude higher, respectively, comparedto the ocean interior (0.59 · 10−4 m2 s−1 and 1.0 · 10−8 Wkg−1). In general,the KPP showed a good agreement with diffusivity estimates derived frommicrostructure observations, both in the mixing layer and in the ocean interior.The KPP also reproduced the main regional patterns observed in the oceaninterior. The analysis of turbulence generation mechanisms below the mixinglayer showed that shear-induced mixing was more important in those regionsinfluenced by the equatorial undercurrent, where averaged diffusivity was2.27 − 3.62 · 10−4 m2 s−1. Favorable conditions for salt fingers formationwere more frequently observed in the Atlantic, where, as a consequence ofthis process, diffusivity could increase up to 20%. This result could haveimportant implications for the transport of heat and dissolved substances inthese regions.
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2.1 Introduction
Turbulence plays a crucial role in ocean dynamics and global biogeochemicalcycles through the redistribution of heat, salt and nutrients across isodensitysurfaces (Thorpe, 2004). Diapycnal turbulent diffusion is essential to maintainocean stratification and the meridional overturning circulation (Munk, 1966,Wunsch and Ferrari, 2004). Vertical diffusion of nitrate represents one ofthe main pathways of new nitrogen supply into the euphotic layer over largeextensions of the open ocean (Mouriño-Carballido et al., 2011). Moreover,turbulence through nutrient supply controls the taxonomic composition andthe size-structure of plankton communities (Chisholm, 1992), which in turndetermines the efficiency of the biological carbon pump (Falkowski and Oliver,2007).Several mechanisms are responsible for the generation of turbulence inthe ocean. In the surface layer, turbulence is generated due to the inter-action with the atmosphere by the exchange of density through heat andfreshwater fluxes, the transfer of momentum through wind stress (Moum andSmyth, 2001), as well as by wave processes resulting in Langmuir turbulence(Belcher et al., 2012). In the stratified ocean interior, turbulence generationmechanisms include double diffusive and mechanical processes, such as shearinstability and internal waves. Double diffusion occurs, under stable strati-fication conditions, as diffusive convection or salt fingers, when temperatureor salinity profiles are unstable. Salt fingering is relevant in tropical andsubtropical central waters, where warm and salty layers overlie cooler andfresher waters (Schmitt, 1981). Shear instability develops in stratified flowswhen vertical velocity shear overcomes the stabilizing effect of the buoyancygradient. This process commonly happens in regions characterized by rela-tively strong shear induced by currents, as for example the equatorial domains(Moum et al., 1986, Gargett, 1989). Finally, mixing in stratified regions awayfrom boundaries, where double diffusion is not important, is considered tobe primarily driven by unresolved internal-waves shear (Munk and Wunsch,1998).Due to methodological limitations, microstructure turbulence has been
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extremely difficult to measure in the past. Although the use of free-fallingmicrostructure profilers has become more common in the last few years, ourcurrent knowledge of the magnitude and global distribution of turbulence inthe ocean is still scarce. A limited number of microstructure measurementscarried out in the open ocean during the last 30 years of the 20’th centurywere compiled by Gregg (1998). In more recent years, a few studies have beenconducted across long distances in the Atlantic (Mouriño-Carballido et al.,2011, Jurado et al., 2012b,a), Arctic (Rainville and Winsor, 2008) and Pacificoceans (Gregg et al., 2003, Hibiya et al., 2007), and also the MediterraneanSea (Cuypers et al., 2012). Microstructure profilers have been more frequentlyused to characterize the distribution of diffusivity in different parts of theocean. However, these instruments have also been applied to calculate theoxygen supply in oxygen minimum zones (Fischer et al., 2013), the verticalflux of nitrate into the photic layer (Lewis et al., 1986, Hamilton et al., 1989,Sharples et al., 2009, Schafstall et al., 2010, Mouriño-Carballido et al., 2011,Arcos-Pulido et al., 2014), and to study the influence of small-scale turbulenceon the vertical distribution of plankton (Kunze et al., 2006a, Maar et al., 2003,Doubell et al., 2014).Because of the scarcity of turbulence observations, a number of param-eterizations have been developed during the last 20 years to estimate thevertical diffusivity and the contribution of different mechanisms to mixing. In-ternal waves interaction theories have been used to predict energy transferthrough the vertical wavenumber spectrum towards small scales and turbu-lence production (Henyey et al., 1986). This parameterization, in the formproposed by Gregg (1989), has been frequently applied to estimate turbu-lent mixing and nutrient fluxes from finescale measurements of hydrographyand currents (Gregg et al., 2003, Dietze et al., 2004, Kunze et al., 2006b,Cuypers et al., 2012). Several parameterizations have also been proposedfor shear instability (Pacanowski and Philander, 1981, Jackson et al., 2008)and double diffusive processes (Schmitt, 1981, Kelley, 1990). The K-profileparameterization (KPP) proposed by Large et al. (1994), and frequently usedin ocean models (Haidvogel et al., 2008), parameterizes the upper boundarylayer based on the Monin-Obukhov similarity theory. For the ocean interior
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the KPP includes the contribution of shear instability, internal waves anddouble diffusion to mixing.Measurements of microstructure turbulence collected during the Malaspina2010 expedition, which sampled large areas in the main tropical and subtrop-ical oceans, represent a unique opportunity to study the large-scale distribu-tion of mixing. Here we analyze this dataset in order to: 1) describe regionalpatterns of dissipation rates of turbulent kinetic energy (ε) and diapycnal dif-fusivity (Kρ), 2) study the regional variability in the mechanisms responsiblefor the generation of turbulence, and 3) verify the performance of the KPPparameterization under different hydrographical conditions.
 180oW  120oW   60oW    0o    60oE  120oE 
  50oS 
  25oS 
   0o  
  25oN 






















Figure 2.1: Location of the Lowered Acoustic Doppler Current Profiler (LADCP, white cir-cles) and microstucture turbulence profiler (MSS, crosses) stations carried out during theMalaspina expedition. Black circles indicate those stations where both LADCP and MSSequipments were deployed. Leg 1 (14th December 2010, Cádiz - 13th January 2011, Rio deJaneiro), leg 2 (17th January, Rio de Janeiro - 6th February, Cape Town), leg 3 (11th February,Cape Town - 13th March, Perth), leg 4 (17th March, Perth - 30th March, Sidney), leg 5 (16thApril, Auckland - 8th May, Honolulu), leg 6 (13th May, Honolulu - 10th June, Cartagena deIndias) and leg 7 (19th June, Cartagena de Indias - 14th July, Cartagena). Main biogeo-graphical provinces crossed during the expedition, according to (Longhurst, 2006), are shownin the map: NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gy-ral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral), SPSG (South PacificSubtropical Gyre), PEQD (Pacific Equatorial Divergence), PNEC (North Pacific EquatorialCountercurrent), NPTG (North Pacific Tropical Gyre), CARB (Caribbean) and ISSG (IndianSouth Subtropical Gyre).
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2.2 Methods
Field observations were carried out mainly in the tropical and subtropicalAtlantic, Indian and Pacific oceans between 14th December 2010 and 14thJuly 2011 during the Malaspina 2010 circumnavigation expedition on boardR/V Hespérides. The cruise was divided into 7 legs: leg 1 (14th December2010, Cádiz - 13th January 2011, Rio de Janeiro), leg 2 (17th January, Rio deJaneiro - 6th February, Cape Town), leg 3 (11th February, Cape Town - 13thMarch, Perth), leg 4 (17th March, Perth - 30th March, Sidney), leg 5 (16thApril, Auckland - 8th May, Honolulu), leg 6 (13th May, Honolulu - 10th June,Cartagena de Indias), and leg 7 (19th June, Cartagena de Indias - 14th July,Cartagena) (see Figure 2.1).
2.2.1 Hydrography and currents
During the Malaspina expedition 147 Conductivity-Temperature-Depth (CTD)casts were carried out with a SBE911plus (Sea-Bird Electronics) probe at-tached to a rosette equipped with Niskin bottles, down to a depth of 4000 m.All CTD sensors were calibrated before the expedition. Horizontal currentswere measured in 128 of these stations using a Lowered Acoustic DopplerCurrent Profiler (LADCP) system mounted on the rosette. The LADCP con-sists of two 300 kHz Teledyne/RDI Workhorses run in master/slave mode.The LADCP data were processed using the software developed by Fischerand Visbeck (1993), and provided current profiles with a vertical resolution of10 m.
2.2.2 Dissipation rates of turbulent kinetic energy and ther-mal variance
Measurements of dissipation rates of turbulent kinetic energy (ε) were con-ducted at 50 stations by using a microstructure turbulence profiler (MSS,Prandke and Stips (1998)), down to a maximum depth of 300 m. 2-6 profileswere deployed at each station, resulting in a total number of 266 (see Sup-
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plementary Table A.1). The profiler was equipped with two microsctructureshear sensors (type PNS06), a microstructure temperature sensor (FP07), ahigh-precision CTD probe and also a sensor to measure the horizontal ac-celeration of the profiler. The frequency of data sampling was 1024 Hz. Theprofiler was carefully balanced to have negative buoyancy in the water col-umn and a sinking velocity of ∼ 0.4 − 0.7 m s−1. The shear sensors werecalibrated before the cruise and the sensitivity was checked after each castduring the data processing. Due to technical problems, only one of the twoshear sensors was properly working during the second part of leg 2 (stations37-43) (see below). At the end of this leg, the equipment was taken ashorefor repair and as a result, no microstructure turbulence data are available forleg 3.Due to significant turbulence generation close to the ship, the data wereconsidered to be reliable below 10 m. ε was computed in 512 data pointsegments, with 50% overlap, from the shear variance under the assumption ofisotropic turbulence using the following equation:
ε = 7.5ν〈(∂u∂z
)2〉 , (WKg−1) (2.1)
where ν is the kinematic viscosity of seawater, ∂u/∂z the vertical shear and〈 . 〉 represents the ensemble average. The shear variance was computed byintegrating the shear power spectrum. The lower integration limit was deter-mined considering the size of the bins, and set to 2 cpm. The upper cut-offwavenumber for the integration of the shear spectrum was set as the Kol-mogoroff number (kc = 1/(2pi) · (ε/ν3)1/4, cpm). An iterative procedure wasapplied to determine kc. The maximum upper cut-off was not allowed to ex-ceed 30 cpm to avoid the noisy part of the spectrum. Assuming a universalform of the shear spectrum, ε was corrected for the loss of variance below andabove the used integration limits, using the polynomial functions reported byPrandke et al. (2000). ε values were then averaged in 1 m bins. Peaks due toparticle collisions were removed by comparing the dissipation rates computedsimultaneously from the two shear sensors.Figure 2.2 shows shear power spectra for different dissipation rates span-









































































































































































Figure 2.2: Power spectral density (PSD) of microstructure shear for different levels of dis-sipation rates of turbulent kinetic energy ε. Empty squares represent the empirical spectrum.Two values of ε, in Wkg−1, are shown. The upper ε1 was calculated from the iterative inte-gration method, whereas ε2 was obtained by least square fitting to the theoretical Nasmythspectrum. Black thick continuous and dashed lines represent the theoretical spectra corre-sponding to ε1 and ε2 values, respectively. The Kolmogoroff wavelength (kc) correspondingto ε1 is indicated by the continuous vertical lines. Dashed vertical lines indicate the upperlimit for integration and fitting (30 cpm).
ning the range of the observed values. In general, a good agreement withthe theoretical Nasmyth spectrum was found for ε > 10−9 Wkg−1. Belowthis level the empirical spectrum showed a flatter shape, in comparison withthe theoretical spectrum, indicating the proximity to the noise level, in goodagreement with previous reports (Fischer, 2011). We calculated that the con-sideration of ε values below the detection limit of the MSS profiler (ca. 10−9Wkg−1) overestimated station averages by about 8%, although the overes-timation mainly affected a few stations where dissipation was < 5 · 10−9Wkg−1.
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The dissipation rate of thermal variance (χ) was calculated by fitting thetemperature gradient spectrum, computed in 512 data point segments, to thetheoretical Kraichnan spectrum (Sanchez et al., 2011) in the noise free region(2-40 cpm). Previously, the microstructure temperature signal was smoothedby averaging over 20 data points, the gradient calculated, and then smoothedby repeating the average over 20 data points. Due to technical problems noχ estimates are available for leg 5.
2.2.3 Thorpe length scale, mixing and mixed layers
We used the Thorpe length scale (LT , Thorpe (1977)) to estimate the lengthscale of turbulent overturns. The Thorpe length scale was calculated in 1 mbins as the root mean square of the Thorpe displacements, computed afterresorting the potential density profile in order to obtain static stability. LTwas calculated using the standard CTD sensors included in the MSS profiler.Following Brainerd and Gregg (1995), the mixing layer depth, noted as mld,was estimated as the deepest depth where surface and subsurface overturnspenetrate. The mixed layer depth, noted in capitals as MLD, was calculatedas the depth where local potential density exceeded by 0.1 kg m−3 the valueof the shallowest data point.
2.2.4 Vertical diffusivity
Diapycnal diffusivity (Kρ) was calculated using the popular Osborn (1980)‘dissipation method’. This model is derived from the turbulent kinetic energyequation, assuming that energy production is balanced by the sum of thework done against buoyancy and dissipation, neglecting the advective termand considering stationary state:
Kρ = Γ εN2 (m2 s−1), (2.2)
where N2 (s−2) is the squared buoyancy frequency, and Γ is the mixing ef-ficiency, derived from the flux Richardson number (Rf ) as Γ = Rf /(1 − Rf ),where Rf is the proportion of turbulent kinetic energy generated by shear
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that is transferred to potential energy through buoyancy flux (Dunckley andKoseff, 2012). An additional assumption of the Osborn (1980) model is thatΓ = 0.2 is constant (Oakey, 1982). Recent studies have questioned this as-sumption (Barry et al., 2001, Smyth et al., 2001, Shih and Koseff, 2005, Iveyet al., 2008, Lozovatsky and Fernando, 2013), and parameterizations for Γ havebeen proposed as a function of the gradient Richardson number (Ri = N2/S2,where S is the vertical shear, e.g. Lozovatsky et al. (2006), Mellor and Yamada(1982)), the turbulence intensity parameter (Reb = ε/νN2, e.g. Shih and Kos-eff (2005)), and other turbulent quantities (Ivey and Imberger, 1991). Theseparameterizations generally predict a decrease in the mixing efficiency forstrong turbulence (decreasing Ri and/or increasing Reb). At the present, anopen debate exists about the applicability of these parameterizations (Kunze,2011, Gregg et al., 2012). For this reason, we followed the traditional Os-born (1980) formulation, and we included a discussion about the implicationsof this choice (see section 2.4.3), based on the comparison with the recentlyproposed Bouffard and Boegman (2013) (SKIF-B) parameterization.The SKIF-B model prescribes four different turbulence regimes based onthe Reb parameter with the corresponding mixing efficiency (ΓSKIF−B):
ΓSKIF−B = 0, Reb < 1.7, Molecular (2.3)ΓSKIF−B = 0.0615(Reb)1/2, 1.7 < Reb < 8.5, Buoyancy-Controlled(2.4)ΓSKIF−B = 0.2, 8.5 < Reb < 100, Transitional (2.5)ΓSKIF−B = 2(Reb)−1/2, Reb > 100, Energetic (2.6)
In the particular case of the molecular regime the diffusion coefficient con-verges to the molecular value Kρ ∼ 10−7 m2 s−1. The traditional mixingefficiency of 0.2, proposed by Osborn (1980), is only valid in the transitionalregime.In order to investigate the potential mixing caused by salt fingers wefollowed the weighting model proposed by St Laurent and Schmitt (1999).According to St Laurent and Schmitt (1999), averaged diffusivity can be mod-elled as the weighed sum of diffusivity due to turbulence (K t) and salt fingers(K sf ), as K tf = PsfK sf + (1 − Psf )K t , where Psf is the weighting factor,
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corresponding to the fraction of bins where salt fingers are active. Favor-able stratification for salt fingers can be identified using the density ratio(Rρ = α∂zT /β∂zS, where α and β are the thermal expansion and salinitycontraction coefficients, respectively). Although salt fingers are theoreticallypossible for Rρ > 1, its contribution to mixing has been shown to be irrelevantfor Rρ > 2 (St Laurent and Schmitt, 1999). According to McDougall (1988)and Hamilton et al. (1989), who solved the turbulent kinetic energy equationfor salt fingers, mixing efficiency for this process is expected to exceed thevalue for mechanical turbulence of 0.2. Hence, we used two parameters toidentify salt finger active bins, the density ratio (1 < Rρ < 2) and the ob-served mixing efficiency (ΓObs > 0.2), calculated as ΓObs = 0.5N2χ/ε(∂zT )2.Diffusivities for turbulence (K t) and salt fingers (K sf ) bins were computed fol-lowing the Osborn (1980), K t = 〈0.2ε/N2〉t , and the Osborn and Cox (1972)models, K sf = 〈0.5χ/(∂zT )2〉sf , respectively. The Osborn and Cox (1972)model applies for heat. For dissolved substances K sfS = r−1RρK sf , wherer = 0.4 − 0.7 according to the compilation of estimates carried out by StLaurent and Schmitt (1999), and here set to r = 0.7 for coherence with theK-profile parameterization (see below).The vertical gradients of temperature (∂zT ), salinity (∂zS) and potentialdensity (N2) were calculated by linearly fitting the profiles of the correspond-ing variable, obtained from the CTD included in the MSS profiler, in 10 mbins.
2.2.5 Meteorological data
Meteorological data were used to characterize the atmospheric forcing in theupper layer during the MSS profiler deployment (see Figure 2.3 and Sup-plementary Table A.1), and also to calculate diffusivity in the boundary layerusing the K-profile parameterization. Air temperature, air pressure, humidity,wind speed and direction, and irradiance were measured by the on boardAanderaa meteorological station. Sea surface temperature and salinity datawere collected using a SBE-21 thermosalinometer at a nominal depth of 3m. These data were averaged during the duration of the MSS profiler (30-50
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Figure 2.3: (a) Mean surface heat fluxes (Q), (b) buoyancy fluxes (B), (c) wind speed (uwind),and (d) mixed layer depth (MLD), mixing layer depth (mld) and Monin-Obukhov length scale(LMO) computed at each station where the MSS profiler was deployed. Qsw , Qlat , Qsen,Qlw , Q0, are the shortwave, latent, sensible, longwave and total heat fluxes, respectively.BT and BS are the buoyancy fluxes due to heat and freshwater, respectively, and Bf thetotal bouyancy flux. Biogeographical provinces crossed during the Malaspina expedition areindicated at the top axis and separated with vertical lines (see text for details). Numbers atthe bottom correspond to station numbers. The first station of each leg (L) is indicated.
min) and LADCP deployments (about 4 hours). Cloud cover and precipitationdata were interpolated from the National Centers for Environmental Predic-tion (NCEP) reanalysis database for the time and location of the MSS andLADCP stations. The calculation of wind stress (τ0), as well as latent (Qlat),sensible (Qsen) and longwave (Qlw) heat fluxes was performed using the Mat-lab Air-Sea toolbox (version 2.0, http://sea-mat.whoi.edu). Net turbulentheat flux (Qt) was calculated as the sum of the latent, sensible and longwave
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heat fluxes. Net heat flux (Q0) was computed as the sum of the net turbulentheat flux and the solar irradiance (I or shortwave heat flux, Qsw). Freshwaterflux (Ft) was computed as the excess of precipitation (P) over evaporation (E),where E = Qlat/lE and lE = 2.5×106 J Kg−1 is the latent heat of evaporation.Surface kinematic heat (wt0), salt (ws0) and buoyancy fluxes (wb0) werecomputed, respectively, as:
wt0 = −Qt/(ρ0Cp0) (2.7)ws0 = FtS0/ρ0(0) (2.8)wb0 = g(αwt0 − βws0) (2.9)
where ρ0, Cp0 and S0 are the density, specific heat and salinity, respectively,at the surface reference pressure. ρ0(0) is the density at the surface referencepressure and S0 = 0, and g = 9.81 m s−2 is the gravity acceleration.The buoyancy profile (B(z), W kg−1) and the buoyancy forcing (Bf , W kg−1)were computed as:
B(z) = g(αT − βS) (2.10)Bf = −wb0 + BR (2.11)
where BR = g [(αI/ρCp)z=0 − (αI/ρCp)z=h], and the subscripts 0 and h referto the surface and the boundary layer depth (see Supplementary Materialsection A.1), respectively. I = I(d) (W m−2) is the vertical distribution of solarirradiance in the water column computed for a Jerlov water type I, suitablefor open ocean clear waters, following Paulson and Simpson (1977). For thecalculations corresponding to the MSS profiler data, as the boundary layerdepth was unknown, we assumed that I(h) ∼ 0.The friction velocity (u∗) and the Monin-Obukhov length-scale (LMO) werecomputed as:
u∗2 = τ0/ρ0 (2.12)LMO = −u∗3/(κBf ) (2.13)
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where τ0 is the wind stress and κ = 0.4 is the von Kármán constant. LMO > 0(< 0) indicates convectively stable (unstable) conditions in the upper ocean.
2.2.6 K-profile parameterization
The K-profile parameterization (KPP) described by Large et al. (1994) wasused to compute vertical diffusivity of temperature (KT , see SupplementaryMaterial section A.1) at 128 stations where LADCP, CTD and meteorologicaldata were available. According to this model the water column is dividedin the upper boundary layer, where wind stress and buoyancy fluxes are themechanisms responsible for the mixing, and the lower ocean interior wheremixing is produced by shear instability, internal waves and double diffusion.Parameterization of diffusivity in the boundary layer is based on the Monin-Obukhov similarity theory and computed using the calculated buoyancy andmomentum atmospheric fluxes. Shear instability parameterization was basedon the gradient Richardson number (Ri = N2/S2), where N2 is the buoy-ancy frequency computed from CTD measurements, and S2 is the squaredvertical shear of the horizontal velocities derived from LADCP measurements.Internal waves diffusivity was set to a background value of 10−5 m2 s−1. Theformulation of salt fingers diffusivity was based on the density ratio (Rρ).The parameterization was implemented in a uniform 10 m grid constrainedby the vertical resolution of the LADCP profiler. Only the implementationfor temperature (KT ) is reported in this paper. A complete description of theimplemented parameterization is given in the Supplementary Material sectionA.1.
2.3 Results
2.3.1 Hydrographical properties
Figure 2.4 shows the vertical distribution of temperature, buoyancy frequencyand vertical shear during the Malaspina expedition. Biogeographical provincesaccording to the classification carried out by Longhurst (2006) were used to
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describe the geographical distribution of properties. This classification waschosen to facilitate the comparison with complementary studies carried outduring the multidisciplinary Malaspina 2010 Expedition.Leg 1 crossed the NE Atlantic Subtropical Gyral (NASE), the North At-lantic Tropical Gyral (NATR), the Western Tropical Atlantic (WTRA) and theSouth Atlantic Gyral (SATL) biogeographical provinces. The influence ofthe equatorial upwelling in some stations sampled at NATR and WTRA wasnoticed by the shoaling of the 16◦C isotherm above 200 m, reflecting the up-welling of deeper waters. The vertically averaged temperature in the mixed-layer (〈T 〉ML) was lower in NASE compared to the other three provincessampled during this leg. The stratification in the seasonal pycnocline (Nmax)was higher in the tropical (NATR, WTRA) compared to the subtropical (NASE,SATL) provinces. Higher values of shear (ca. 0.0082 s−1) were observed inWTRA at st 16 (0.21◦N-26.02◦W).Most stations during leg 2 sampled a zonal transect across the SouthAtlantic Gyral (SATL) province, the last station being carried out in theBenguela Current Coastal (BENG) province. This leg was characterized byan eastward decrease in 〈T 〉ML, and an increase in surface stratification.Leg 3 crossed the Indian ocean from west to east. The first three stationswere carried out in the East Africa Coastal (EARF) province, whereas mostof the stations sampled the Indian South Subtropical Gyre (ISSG) province.Four provinces were sampled along the South Australian coast duringleg 4: ISSG, the Australia-Indonesia Coastal (AUSW), the South Subropi-cal Convergence (SSTC) and the East Australia Coastal (AUSE) provinces.The lowest value of 〈T 〉ML recorded during the expedition (ca. 16.7◦C) wasmeasured in those stations sampled in SSTC.During leg 5 the South Pacific Subtropical Gyre (SPSG), the EquatorialPacific (PEQD), the North Pacific Equatorial Countercurrent (PNEC) and theNorth Pacific Tropical Gyre (NPTG) provinces were sampled. A progressiveincrease in 〈T 〉ML was observed as travelling northward in SPSG. Afterwardsa decrease in 〈T 〉ML was observed when crossing PEQD, PNEC and NPTG.Maximum values of shear (ca. 0.025 s−1) measured at ca. 100 m in PEQDwere related to the influence of the Equatorial Undercurrent (EUC).
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Figure 2.4: Vertical distribution of temperature (T ), buoyancy frequency (N) and velocityshear during the Malaspina expedition. Averaged temperature in the mixed layer (〈T 〉ML),maximum stratification (Nmax ) and averaged shear in the upper 300 m are also included.Black dots at the top axes and black filled squares in the lower panels indicate the stationswhere MSS deployments were conducted. The black line represents the mixed layer depth(0.1 kg m−3 density difference respect to the shallowest data point). White triangles indicatestations sampled less than 2◦ away from the equator (16, 93 and 94). Numbers at the bottomcorrespond to station numbers. The first station of each leg (L) is indicated. Biogeographicalprovinces crossed during the expedition are indicated at the top axis (see text for details).
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The leg 6 crossed the North Pacific Tropical Gyre (NPTG) and again thePNEC province. 〈T 〉ML first decreased as we travelled eastward in NPTG, butthen it increased reaching maximum values of 30◦C in PNEC. In this provincethe depth of the mixed layer was relatively shallow (< 40 m) and Nmax wasenhanced (ca. 0.052 s−1).Finally, during leg 7 the Caribbean sea (CARB), NATR and NASE provinceswere sampled. A progressive decrease in 〈T 〉ML and Nmax was observed whentravelling from west to east.
2.3.2 Dissipation rates of turbulent kinetic energy and diapy-cnal diffusivity
In order to study the variability of dissipation rates of turbulent kinetic energy(ε) and diapycnal diffusivity (Kρ) derived from the MSS profiler, we dividedthe water column into the upper mixing layer (ml) (see section 2.2.3) andthe deeper ocean interior (oi). Higher values of ε and Kρ were observed ingeneral in the mixing layer compared to the ocean interior (see Figure 2.5).The vertical distribution of ε in the ocean interior was patchy, and the verticalstructure of Kρ, mainly determined by the buoyancy frequency (N), exhibitedlower values in the seasonal pycnocline.The probability distributions of ε and Kρ, computed using all the datacollected in the mixing layer and the ocean interior, follow approximately alog-normal shape (see Figure 2.6). Maximum likelihood estimates (MLE) forthe mean values of ε and Kρ (X ) were computed following Baker and Gibson(1987): 〈X〉MLE = exp(µ + 12σ 2
) (2.14)
where µ and σ are the expected value and the standard deviation of lnX ,respectively. The distribution of ε in the mixing layer ranged from 10−10to 10−6 Wkg−1. The fit to a log-normal distribution gave µεml = −18.33,σ εml = 1.97 and MLE = 7.7[6.8 − 8.6] · 10−8 Wkg−1, being the arithmeticmean 16.8[5.3− 37.6] · 10−8 Wkg−1 (95% confidence intervals obtained frombootstraping shown in brackets). The distribution of ε in the ocean interior
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Figure 2.5: Vertical distribution of averaged profiles of (a) dissipation rates of turbulentkinetic energy (ε, W kg−1); (b) diapycnal diffusivity (Kρ , m2 s−1); and (c) Thorpe length scale(LT , m), derived from the MSS profiler during the Malaspina expedition. White trianglesindicate stations sampled less than 2◦ away from the equator (16, 93 and 94). White and blacksquares indicate the mixing and mixed layer depths (see methods). Numbers at the bottomcorrespond to station numbers. The first station of each leg (L) is indicated. Biogeographicalprovinces crossed during the expedition are indicated (see text for details).
was more peaked than a lognormal distribution, with around 80% of the valuesin the range 6.3 ·10−10−1 ·10−8 W Kg−1. The fit to a log-normal distributiongave µεoi = −20.06, σ εoi = 1.20, MLE = 0.40[0.38 − 0.41] · 10−8 Wkg−1, andthe arithmetic mean 1.0[0.90− 1.22] · 10−8 Wkg−1.The distribution of Kρ in the mixing layer ranged from ∼ 10−6 m2 s−1 to10−1 m2 s−1. The log-normal fitting provided µKρml = −7.52, σKρml = 2.62 inthe typical range described by Gregg (1998), and MLE = 169[152 − 193] ·
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Figure 2.6: Probability distribution of energy dissipation rate (ε, left), and diapycnal dif-fusivity (Kρ , right), computed in the mixing layer (white bars) and the ocean interior (blackbars). Continuous and discontinuous lines represent the log-normal probability distribu-tions fitted to the experimental data. Those probabilities are plotted in area-preserving form,characterized by equal contributions to the mean from equal areas of the curve (Gregg, 1998).
10−4 m2 s−1. The arithmetic mean was 262[130 − 586] · 10−4 m2 s−1. In theocean interior Kρ distribution provided µKρoi = −11.98, σKρoi = 1.58, MLE= 0.217[0.211 − 0.225] · 10−4 m2 s−1, and the arithmetic mean 0.59[0.49 −0.75] · 10−4 m2 s−1 . On average, ε and Kρ values in the mixing layer wereone and three orders of magnitude higher, respectively, compared to the oceaninterior.In order to describe the regional variability of ε and Kρ, station averageswere computed for the mixing layer and the ocean interior. For coherence withthe St Laurent and Schmitt (1999) model (see methods), and also followingDavis (1996), arithmetic averages are reported next. The values of ε in themixing layer (〈ε〉ml), which are influenced by local meteorological conditions,were subjected to an important regional variability ranging from 10−9 to 10−4Wkg−1 (Figure 2.7), with 80% of the values lower than 10−7 Wkg−1. A clearregional pattern was not observed. No values are reported for some stations inSATL (stations 32, 35, 40) and PNEC (station 123), because no mixing layerwas observed, as no significant overturns penetrated below 11 m accordingto the Thorpe lengthscale (LT ) (Figure 2.5).
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Figure 2.7: Averages of dissipation rates of turbulent kinetic energy (ε, W kg−1), computedfor the mixing layer (ml) and the ocean interior (oi) at the stations sampled during theMalaspina expedition.
In the ocean interior ε estimates ranged between 1.1 · 10−9 and 9.9 · 10−8Wkg−1. Higher values (> 5 · 10−8 Wkg−1) were found in the stations 16 and91, sampled in WTRA and PEQD, respectively, and at station 71 in the southcoast of Australia. We cannot discard that the relatively high values observedin the eastern SATL (stations 40, 41) were, at least partially, influenced bythe fact that only one of the two shear sensors was operating (see methods).Lower values (< 0.3·10−8 Wkg−1) were sampled in the western SATL (stations17, 23, 29, 37, 37), PNEC (stations 107, 108, 123, 125) and NASE (stations140, 146).Diffusivity in the mixing layer (〈Kρ〉ml) ranged from 3 · 10−5 m2 s−1 to1.5 m2 s−1 (see Figure 2.8, and Supplementary Table A.2). Lower valueswere found in SATL (stations 29, 38, 43), NPTG (station 115) and PNEC
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Figure 2.8: Averages of diapycnal diffusivity (Kρ , m2 s−1), computed from microstructureobservations for the mixing layer (ml) and the ocean interior (oi) at the stations sampledduring the Malaspina expedition.
(station 125), whereas higher values corresponded to WTRA (station 13),SATL (station 20), SPSG (station 82), PEQD (station 91) and NASE (station146).Diapycnal diffusivity in the ocean interior (〈Kρ〉oi) ranged from 0.03 to 10·10−4 m2 s−1. Higher values corresponded to the station 16 in WTRA, stations91 and 94 in PEQD, and station 71 in the south coast of Australia. Lowervalues of 〈Kρ〉oi < 10−5 m2 s−1 were found in the western SATL (stations 20,23), SPSG (station 88), NPTG (stations 104, 108), PNEC (stations 112, 115,121, 125) and CARB (stations 128, 131).Averaged ε and Kρ computed in the mixing layer and the ocean interior forthe main biogeographical provinces sampled during the Malaspina expedition
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Table 2.1: Averages of dissipation rates of turbulent kinetic energy (ε) and diapycnal dif-fusivity (Kρ) computed in the mixing layer (ml) and the ocean interior (oi) for the mainbiogeographical provinces sampled during the Malaspina expedition (Prov.). 95% confidenceintervals are shown in brackets. NMSS is the number of MSS profiles conducted at eachprovince.
Prov. NMSS 〈ε〉ml 〈ε〉oi 〈Kρ〉ml 〈Kρ〉oi10−8·(W Kg−1) 10−8·(W Kg−1) 10−4·(m2 s−1) 10−4·(m2 s−1)NASE 12 1594 [382-4067] 0.44 [0.33-0.70] 1913 [679-4686] 0.461 [0.316-0.822]NATR 12 4.0 [3.4-4.8] 0.54 [0.48-0.65] 28.3 [21.6-38.7] 0.159 [0.146-0.184]WTRA 9 115 [43-349] 2.3 [1.6-3.2] 386 [144-1007] 2.27 [1.44-3.84]SATL 35 27 [7-81] 0.86 [0.70-1.19] 64.9 [12.6-186.3] 0.433 [0.385-0.478]CARB 7 5.0 [4.1-6.2] 0.34 [0.29-0.43] 39.1 [31.9-50.2] 0.050 [0.043-0.065]SPSG 20 9.8 [8.8-11.5] 1.5 [1.3-1.7] 132 [112-151] 0.296 [0.266-0.330]PEQD 11 8.7 [5.9-15.2] 2.8 [2.3-3.4] 74.6 [60.7-104.8] 3.62 [2.87-4.88]PNEC 27 6.6 [5.6-8.4] 0.72 [0.61-0.97] 44.7 [39.8-52.8] 0.125 [0.119-0.135]NPTG 29 3.9 [3.0-6.0] 0.43 [0.40-0.48] 39.3 [32.9-50.5] 0.170 [0.147-0.222]
are shown in Table 2.1. The description in terms of provinces is more suitablefor the ocean interior, which is less exposed to local meteorological conditions.Higher values of ε were computed for the Atlantic WTRA (2.3 · 10−8 Wkg−1),and the Pacific PEQD (2.8 · 10−8 Wkg−1) and SPSG (1.5 · 10−8 Wkg−1),whereas lower values were calculated for the Caribbean (CARB, 0.34 · 10−8W Kg−1). Higher values of Kρ were also computed for WTRA (2.27 · 10−4m2 s−1) and PEQD (3.62 · 10−4 m2 s−1), whereas lower values were computedfor CARB (0.05 · 10−4 m2 s−1).
2.3.3 Parameterized vertical diffusivity
In order to verify the performance of the K-profile parameterization (KPP)under different hydrographical conditions, we used the model proposed byLarge et al. (1994) (see methods and the Supplementary Material sectionA.1). The vertical distribution of diffusivity computed by using the KPP (KT ) isshown in Figure 2.9. Diffusivity values ranged from the lower level of 0.1·10−4m2 s−1, determined by the background internal wave mixing, to 49·10−4 m2 s−1in the ocean interior, and 1800 · 10−4 m2 s−1 in the boundary layer. Theprobability distribution of parameterized KT did not show a lognormal shape,either in the boundary layer or in the ocean interior (data not shown). For thisreason only arithmetic averages were used in this section. Averaged KT in theboundary layer (260[230−300] ·10−4 m2 s−1, 95% confident intervals between
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Figure 2.9: Parameterized vertical temperature diffusivity (KT , m2 s−1) computed along theMalaspina expedition. Shear instability plus internal waves (Ks + Kiw ) and also doublediffusion (Kdd) contributions are also included. The black and white lines represent theboundary layer and the mixed layer depth, respectively. White triangles indicate stationssampled less than 2◦ away from the equator (stations 16, 93 and 94). Numbers at the bottomcorrespond to the station numbers. Biogeographical provinces crossed during the expeditionare indicated (see text for details).
brackets) was in very good agreement with the diffusivity estimate derivedfrom the microstructure profiler (262 · 10−4 m2 s−1). In the ocean interioraveraged parameterized diffusivity (0.61[0.51 − 0.74] · 10−4 m2 s−1) was alsoin close agreement with the estimate derived from the microstructure profiler(0.59 · 10−4 m2 s−1).Figure 2.10 shows the comparison of averaged profiles of parameterizedKT and Kρ derived from microstructure observations computed for the bio-
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Figure 2.10: Profiles of vertical temperature diffusivity computed using the KPP parame-terization (KT , dashed line) and diapycnal diffusivity (Kρ) inferred from microstucture obser-vations using the Osborn (1980) model (solid black line) for the biogeographical provincessampled during the Malaspina expedition. Diapycnal diffusivity was averaged in 10 m bins toallow direct comparison with parameterized KT . Shadowed areas represent 95% confidenceintervals computed by using bootstraping.
geographical provinces crossed during the expedition. The parameterizationreproduces in general the shape of the Kρ profiles. Note that both estimateswere obtained from two different sets of stations what could explain part ofthe differences observed between the averaged vertical distributions. For ex-ample, no parameterized KT was available for station 3, sampled in NASEduring winter, where mixing layer extended down to 100 m (see Figure 2.5).Averaged parameterized KT computed for the boundary layer and theocean interior in the biogeographical provinces sampled during the expe-dition are shown in Table 2.2. Note that diffusivity parameterization wascomputed in the Indian Subtropical Gyre (ISSG) where no microstructure
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Table 2.2: Averaged parameterized vertical temperature diffusivity (KT ) computed for themain biogeographical provinces (Prov.) explored during the Malaspina expedition. Totalboundary layer (〈KT 〉bl) and ocean interior (〈KT 〉oi) diffusivity, and shear instability plusinternal waves (〈Ks + Kiw〉oi) and double diffusion (〈Kdd〉oi) terms are shown. 〈Kloz〉oi is thediffusivity parameterized using the scaling as a function of the Richardson number, Ri (seesection 2.4.2). NKPP is the number of stations sampled at each province.
Prov. NKPP 〈KT 〉ml 〈KT 〉oi 〈Ks + Kiw 〉oi 〈Kdd〉oi 〈Kloz〉oi104· (m2 s−1)NASE 7 207 [121-304] 0.83 [0.65-0.97] 0.10 [0.10-0.10] 0.73 [0.57-0.88] 0.30 [0.28-0.32]NATR 7 64.6 [28.4-194.8] 0.33 [0.14-0.83] 0.27 [0.10-0.80] 0.05 [0.02-0.11] 0.31 [0.29-0.33]WTRA 7 266 [176-424] 1.6 [0.7-3.3] 1.48 [0.83-3.06] 0.09 [0.05-0.17] 0.43 [0.39-0.49]SATL 23 145 [103-218] 0.50 [0.38-0.79] 0.26 [0.16-0.52] 0.24 [0.20-0.29] 0.35 [0.33-0.36]CARB 4 142 [65-244] 0.48 [0.13-1.48] 0.43 [0.10-1.74] 0.05 [0.02-0.13] 0.29 [0.27-0.34]SPSG 8 424 [313-607] 0.15 [0.10-0.33] 0.15 [0.10-0.28] 0.00 [0.00-0.00] 0.36 [0.34-0.39]PEQD 5 410 [288-598] 3.7 [2.2-6.5] 3.65 [1.74-5.68] 0.00 [0.00-0.00] 0.51 [0.44-0.60]PNEC 12 308 [186-459] 0.15 [0.11-0.41] 0.15 [0.11-0.32] 0.00 [0.00-0.00] 0.33 [0.31-0.35]NPTG 16 292 [234-378] 0.13 [0.10-0.23] 0.13 [0.10-0.22] 0.00 [0.00-0.01] 0.28 [0.27-0.29]EAFR 2 56.4 [7.7-113.0] 0.45 [0.18-1.20] 0.45 [0.16-1.26] 0.00 [0.00-0.00] 0.38 [0.33-0.47]ISSG 15 134 [79-239] 0.29 [0.23-0.50] 0.17 [0.12-0.34] 0.11 [0.08-0.17] 0.32 [0.31-0.34]AUSW 2 87.6 [25.5-176.7] 1.5 [0.9-3.7] 0.54 [0.10-1.56] 0.96 [0.67-1.49] 0.28 [0.26-0.36]AUSE 2 562 [305-915] 0.15 [0.11-0.25] 0.10 [0.10-0.10] 0.05 [0.01-0.17] 0.23 [0.22-0.24]SSTC 6 357 [263-481] 1.2 [1.0-1.6] 0.11 [0.10-0.13] 1.1 [0.8-1.5] 0.30 [0.28-0.32]
observations were conducted (see methods). In the ocean interior higherdiffusivities were computed for the equatorial WTRA in the Atlantic (1.46·10−4 m2 s−1) and PEQD in the Pacific (3.7 · 10−4 m2 s−1), due to the in-fluence of the Equatorial Undercurrent in the shear instability term (Figure2.9). Lower diffusivities (ca. 0.15 ·10−4 m2 s−1) were computed for the Pacificprovinces NPTG, PNEC and SPSG. Salt fingers favorable stratification wasfrequently observed in the Atlantic subtropical provinces NASE and SATL,and in the Australian AUSW, where the contribution of this process to mixingwas 0.73 · 10−4 m2 s−1, 0.24 · 10−4 m2 s−1 and 0.96 · 10−4 m2 s−1, respectively.
2.4 Discussion
2.4.1 Turbulence-generating mechanisms in the boundary layer
In the upper ocean layer, buoyancy fluxes and wind forcing represent the mainmechanisms responsible for the generation of turbulence (Moum and Smyth,2001). In order to investigate the contribution of these two processes weanalyzed the meteorological conditions, at the time of sampling, during theexpedition (see Figure 2.3 and Supplementary Table A.1).
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The total surface heat flux (Q0) was always positive from the atmosphereto the ocean, except at stations 16, 82-85 and 143-146, indicating heat gainby the ocean as a result of the contributions of sensible (Qsen), latent (Qlat),longwave (Qlon) and shortwave (Qsw) heat fluxes. Sea surface temperaturewas always lower than air temperature, resulting in negative Qsen. Qlat andQlw were also negative in all the stations, whereas Qsw was always posi-tive, because the profiler was deployed during daylight. As a consequence,buoyancy fluxes (Bf ) were always negative, indicating a gain in stability andresulting in positive Monin-Obukhov length scales (LMO), except at stations16, 83, 85, 143 and 146. This result indicates convectively stable conditionsduring the profiler deployment, pointing out to the wind forcing as the mainturbulence generation mechanism in the boundary layer. However, LMO wasgenerally shallower than the mixed and mixing layer depths, indicating thatwind forcing alone cannot explain all mixing in this layer, which could alsobe the result of previous convection episodes during the nighttime.Similar conclusions can be obtained from observing the behavior of turbu-lent and mixing conditions in the upper layer (see Figure 2.5). In general, themixing layer depth, computed as the depth reached by significant overturn-ing from the surface (see methods), showed a good agreement with the layerwhere relatively enhanced ε and Kρ were observed. However, the mixinglayer was generally shallower compared to the mixed layer, computed from adensity criterion, likely indicating decaying mixing due to daytime restratifi-cation (Brainerd and Gregg, 1995). The mixed layer was probably the resultof previous mixing events, which could happen during nighttime convection.In several stations where density overturns (high LT ) reached deeper depthsthan strong ε (eg. stations 7, 17, 23, 87, 116, 131), subsurface restratifi-cation in the temperature profiles (data not shown) and a LT minimum wereobserved in the upper 20-25 m. These observations suggest that turbulencewas suppressed in the upper 20-25 m by daytime heating, whereas decayingturbulence remains below this depth, within the mixing layer.These results show that during the seven months expedition we sampleddifferent local meteorological conditions. Moreover, contrasting seasonal forc-ing was affecting the locations sampled at both hemispheres. For this reason,
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we can not discard that the observed variability, both in the upper mixinglayer and also in the ocean interior, in the described turbulence propertiescould be, at least partially, due to forcing mechanisms operating at differenttemporal scales. A complete analysis of the influence of temporal variabilityin the described regional patterns, which is out of the scope of this study,would require longer data sets in order to understand the different scales ofvariability operating at each location.
2.4.2 Turbulence-generating mechanisms in the ocean inte-rior
In the ocean interior, shear instability, internal waves, and double-diffusionare potential mechanisms responsible for the generation of turbulence. Al-though the influence of different scales of temporal variability can not bediscarded (see above), clear regional patterns were observed in this layerassociated with sampled hydrographic features.One of the regions where shear instability has been reported to be asignificant contribution to mixing is the Equatorial Undercurrent (EUC), arelatively strong (> 0.1 m s−1) eastward subsurface current flowing in theequatorial Atlantic and Pacific oceans. LADCP data revealed that we sampledthe influence of the EUC in the Atlantic (station 16) and the Pacific oceans(stations 93 and 94) (data not shown). The core of the EUC was locatedbetween 60 and 170 m in the Atlantic. In the Pacific, the upper limit of thecurrent was located at approximately 100 m, and it extended below 300 mdepth. Above the current core, both in the Atlantic and the Pacific, the surfaceflow was directed westward leading to a region of enhanced shear (Figure2.4). This region was observed at 50-80 m in the Atlantic and 90-140 m in thePacific, with maximum values of 0.021-0.035 s−1 and 0.025 s−1, respectively.In the Atlantic, the lower boundary of the EUC at 170 m was also associatedwith enhanced shear (∼ 0.015 s−1).The effect of the EUC was sampled by the MSS profiler at the stations 16in the Atlantic and 94 in the Pacific. At station 16 the effect of the EUC wasnoticed as enhanced ε (ca. 1 · 10−6 Wkg−1) was measured at about 40-65
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m, coinciding with the upper boundary of the EUC (Figure 2.5). Averaged εcomputed in the ocean interior for this station (9.9 · 10−8 W kg−1) was oneof the higher estimates reported during the expedition (Figure 2.7). Lowervalues of ε (ca. 0.5 · 10−8 Wkg−1) were observed in the current core (80-105m), in close agreement with the rates reported by Crawford (1976) for thesame region. The signal of the EUC at station 94 was less intense, probablybecause this station was located further from the equator (Moum et al., 1986).Values of ε higher than 1 · 10−7 W kg−1 were found between 80 and 100 m,near the upper boundary of the current. This is in good agreement with thevalue of 2 · 10−7 W kg−1 reported by Moum et al. (1986), and one orderof magnitude lower than the rates reported by Williams and Gibson (1974)(8 · 10−6 W kg−1).The influence of the EUC was also visible in microstructure diffusivity data.Diffusivity estimates for stations 16 (10·10−4 m2 s−1) and 94 (7.5·10−4 m2 s−1)were among the higher estimates of the expedition. Averaged estimates forWTRA and PEQD were 2.27 and 3.62 · 10−4 m2 s−1, respectively, about oneorder of magnitude higher than the other provinces (see Table 2.1). Table 2.2shows the contribution of the shear instability plus the internal waves termto total KPP diffusivity for each biogeographical province. The highest con-tribution also corresponded to the provinces including the equatorial regionsin the Pacific (PEQD, 3.36 · 10−4 m2 s−1) and the Atlantic (WTRA, 1.48 · 10−4m2 s−1) oceans.In order to study the dependence of Kρ in the ocean interior as a functionof the Richardson number (Ri), which controls the onset of the shear Kelvin-Helmholtz instability (Miles, 1986), we used the parameterization proposedby Lozovatsky et al. (2006):
Kρ = K0 + KM(1 + Ri/Ric)n (2.15)
where Ri = N2/((∂zU)2 + (∂zV )2), being U and V the horizontal velocitiescomputed from LADCP data, and Ric the critical Richardson number. K0 isthe background diffusivity when Ri → ∞, and K0 + KM the maximum diffu-sivity when Ri → 0. Kρ was bin averaged for different Ri and then fitted to
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Kρ = 2.08e−05 + 2.42e−04⋅(1 + Ri/0.29)
−0.93
R2 = 0.997
Figure 2.11: Bin averaged diapycnal diffusivity (Kρ) as a function of the Richardson number(Ri). The bars represent the 95% confidence intervals of diffusivity averages. The number ofdiffusivity samples used for computing the averages is indicated. The dark thick line repre-sents the fit to the scaling equation proposed by Lozovatsky et al. (2006). The discontinuousline represents the Pacanowski and Philander (1981) model, and the dotted discontinuousline represents the KPP shear instability term (Large et al., 1994).
the scaling model (Figure 2.11). A good fit (R2 = 0.997) was obtained forK0 = 0.21±0.02 ·10−4 m2 s−1, KM = 2.4±0.6 ·10−4 m2 s−1, Ric = 0.29±0.24and n = 0.93± 0.23. K0 was comparable to, although slightly higher, back-ground diffusivity by internal waves prescribed by the KPP proposed by Largeet al. (1994) and Pacanowski and Philander (1981) (0.1 · 10−4 m2 s−1), usu-ally considered as the representative value of mixing in the pycnocline (Munk,1966). Ric and the exponent n were also in good agreement with previouslyreported values, which ranged 0.1-0.25 and 1-3, respectively (Peters et al.,1988, Pacanowski and Philander, 1981, Lozovatsky et al., 2006). However,the roll-off towards the background internal wave diffusivity for high Ri wasless steep than predicted by the KPP.The presence of salt fingers favorable stratification was studied by com-puting the density ratio Rρ = α∂zT /β∂zS. Stratification is favorable forsalt fingers formation when warm and salty water overlies colder and fresherwater, i.e. 1 < Rρ < 100. However, in oceanic environments, due to the
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Table 2.3: Percentage of bins where stratification was favorable for salt fingers formation(Psf0 ); active salt fingers (Psf ); heat (〈K tfT 〉oi) and salt (〈K tfS 〉oi) diffusivity in the ocean interiorfor salt fingers plus turbulence following the St Laurent and Schmitt (1999) model. Diffusivityin the mixing layer (〈KSKIF−B〉ml) and in the ocean interior (〈KSKIF−B〉oi), according to theBouffard and Boegman (2013) SKIF-B model are also included.
Prov. Psf0 Psf 〈K tfT 〉oi 〈K tfS 〉oi 〈KSKIF−B〉ml 〈KSKIF−B〉oi10−4·(m2 s−1) 10−4·(m2 s−1) 10−4·(m2 s−1) 10−4·(m2 s−1)NASE 56.9 5.8 0.471 [0.360-0.743] 0.498 [0.343-0.716] 4.27 [3.09-6.51] 0.176 [0.167-0.187]NATR 20.7 4.6 0.168 [0.150-0.194] 0.187 [0.148-0.187] 1.46 [1.30-1.67] 0.099 [0.094-0.107]WTRA 28.6 3.7 2.31 [1.40-3.75] 2.50 [1.48-3.89] 2.62 [2.07-3.88] 0.230 [0.203-0.262]STAL 31.8 6.6 0.465 [0.431-0.526] 0.528 [0.431-0.546] 0.627 [0.475-1.003] 0.209 [0.189-0.298]CARB 7.8 0.7 0.050 [0.043-0.064] 0.051 [0.044-0.066] 2.13 [1.80-2.82] 0.215 [0.044-0.717]SPSG 0.4 - - - 3.19 [2.94-3.48] 0.118 [0.113-0.125]PEQD 2.3 - - - 4.80 [3.29-10.20] 1.22 [0.89-1.60]PNEC 0.1 0.1 0.132 [0.123-0.145] 0.142 [0.122-0.144] 1.90 [1.75-2.03] 0.099 [0.096-0.102]NPTG 7.1 1.5 0.173 [0.146-0.237] 0.179 [0.147-0.236] 1.68 [1.56-1.86] 0.082 [0.078-0.086]
perturbation by internal waves strain, salt fingers growth is only importantfor 1 < Rρ < 2 (St Laurent and Schmitt, 1999). The bins where stratificationconditions were favorable for salt fingers formation were in general more fre-quent in the Atlantic (8−57%) compared to the Pacific (0.1−7.1%) provinces(see Table 2.3). Bins where salt fingers were actively enhancing diffusivitywere distinguished as those satisfying both 1 < Rρ < 2 and ΓObs > 0.2. Ingeneral, they only represented 10 − 20% of the bins with favorable stratifi-cation. As a result, heat diffusivity increased by 0.4 − 7.3% in the Atlanticprovinces, as compared to the Osborn (1980) model (see Table 2.1). In thePacific provinces, the increase was only significant at PNEC (ca. 5%). Saltfinger active bins could not be determined at SPSG and PEQD, as no thermalvariance dissipation rates were available for this leg (see methods). However,very low contribution is expected for these provinces as the number of binswith favorable stratification was very low.The use of the St Laurent and Schmitt (1999) model to quantify the effectof salt fingers has a stronger influence in the diffusivity of dissolved substances(Table 2.3). For salt, the increase in diffusivity with respect to the Osborn(1980) model, was 8−22% in the Atlantic provinces, except in CARB (< 2%). Inthe Pacific, the increase in PNEC and NPTG, was 13% and 5%, respectively.These results are consistent with previous studies that have reported therelevance of salt fingers activity in the central waters of the Atlantic ocean(Schmitt, 1981, St Laurent and Schmitt, 1999, Schmitt et al., 2005, Glessmer
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et al., 2008).
2.4.3 Comparison of microstructure and parameterization dif-fusivity estimates
In our study vertical diffusivity was estimated from observations of microstruc-ture turbulence and also by using the K-profile parameterization (KPP). Ingeneral, both methods showed a good agreement both in the upper layer andin the ocean interior. The parameterization reproduced the vertical distribu-tion of diffusivity, and the depth reached by intense mixing below the surface(boundary layer). In the ocean interior, the KPP captured the mixing en-hancement due to sheared currents in the equatorial regions. However, dueto the steep decrease in the shear instability term of diffusivity for Ri > Ric(see Figure 2.11) and the constant internal wave mixing term, part of thetemporal and spatial variability of diffusivity was probably missed by theparameterization. In fact, compared with the KPP, microstructure diffusivityshowed a smoother decrease for high Ri (Figure 2.11). We included the scal-ing obtained by fitting our estimates of diapycnal diffusivity as a function ofthe Richardson number (see above) in the KPP, in order to verify the per-formance of this term to reproduce shear instability. This scaling producedlower diffusivity (0.43− 0.51 · 10−4 m2 s−1) in the equatorial regions (WTRA,PEQD), compared to the original KPP and microstructure diffusivities, andit overestimated diffusivity in regions, as PNEC and NPTG, where the KPPshowed a good agreement with microstructure diffusivity. Both parameteriza-tions overestimated diffusivity in CARB. For these reasons, we conclude thatthe scaling was not able to significantly improve the KPP results.On the other hand, KPP salt finger heat diffusivity was 0.73 and 0.24 ·10−4 m2 s−1 in NASE and SATL (Table 2.2), respectively, characterized byfrequent favorable stratification for salt finger formation (Table 2.3). Thesevalues are about one order of magnitude higher than the difference betweenthe St Laurent and Schmitt (1999) and Osborn (1980) models (see Table2.1 and Table 2.3). This observation supports that favorable stratificationconditions do not necessarily involve that salt fingers are actively contributing
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Figure 2.12: Contribution of the different turbulence regimes as a function of the turbulenceintensity parameter (Reb = ε/νN2) according to Bouffard and Boegman (2013): molecular(Reb < 1.7), buoyancy-controlled (1.7 < Reb < 8.5), transitional (8.5 < Reb < 100) andenergetic (Reb > 100) regimes.
sivity for the mixing layer for the whole dataset was 1.50[1.38− 1.77] · 10−4m2 s−1 (see Table 2.3), two orders of magnitude lower compared to the esti-mates obtained from the Osborn (1980) model (Table 2.1), and also from theKPP (Table 2.2). In the ocean interior, the agreement between both modelswas better, with averaged SKIF-B diffusivity (0.22[0.19− 0.25] · 10−4 m2 s−1)about half the averaged diffusivity computed from the Osborn (1980) modeland the KPP. Diffusivity computed from the SKIF-B model in the mixing layerwould require a mixing efficiency of about 0.001, much lower than suggestedby old and recent observations (Oakey, 1982, 2004).Although some studies have argued that the SKIF-B parameterizationrepresents an improvement over the traditional Osborn (1980) formulation(Dunckley and Koseff, 2012, Bouffard and Boegman, 2013), there is currentlyan open debate about its reliability due to, for example, the lack of agreementwith tracer release inferred diffusivities (Gregg et al., 2012). It has beensuggested that these discrepancies could be due to the fact that, for highReb, the laboratory and numerical domains were too small to include theOzmidov scale (Kunze, 2011). In this regard, Bouffard and Boegman (2013)argued that the simulations by Shih and Koseff (2005) captured the Ozmidoz
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scale for Reb < 1000. Furthermore, a decrease in mixing efficiency for highReb has been observed in atmospheric flux measurements (Lozovatsky andFernando, 2013). A reconciliation between numerical simulations, laboratorywork and field observations is required specially in the mixing layer, whichcontrols the air-sea gas and heat exchanges.
2.5 Conclusions
Tracer release experiments (Ledwell et al., 1998) and microstructure mea-surements (Gregg, 1998) indicate that the magnitude of vertical diffusivityin the thermocline is only about 10−5 m2 s−1. This value, comparable to thebackground internal waves diffusivity, is one order of magnitude lower thanthe values derived from the balance between the upwelling of cold water andthe mixing down of warm water computed by ocean models (Munk, 1966). Ithas been proposed that this discrepancy could result from the episodic gen-eration of mixing associated with tropical cyclones (Sriver and Huber, 2007),the interaction of ocean currents with the bottom topography (Ruddick, 2003),and also the swimming activity of marine organisms (Kunze et al., 2006a,Katija and Dabiri, 2009). Averaged diffusivity derived from microstructureobservations collected during the Malaspina expedition in the ocean interiorwas about 0.2 · 10−4 m2 s−1 in the absence of shear instabilities, close to thereference value of 10−5 m2 s−1. Higher diffusivities (ca. 10−4 m2 s−1) werecomputed for the regions under the influence of strong shear associated withthe Equatorial Undercurrent.On average, the K-profile parameterization showed a good agreement withdiffusivity estimates derived from microstructure observations using the Os-born (1980) model, both in the upper layer and in the ocean interior. Dif-fusivity derived from the SKIF-B model, recently proposed by Bouffard andBoegman (2013), was comparable to the values computed from the Osbornmodel in the ocean interior, whereas in the mixing layer estimates from theSKIF-B model were two orders of magnitude lower. This discrepancy couldhave important implications for the transport of heat and gases through theair-sea interface.
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Favorable conditions for salt finger formation were more frequent in theAtlantic basin. According to the St Laurent and Schmitt (1999) model the con-sideration of double diffusion slightly increased temperature diffusivity withrespect to the Osborn (1980) model. However, for dissolved substances as saltand nutrients, diffusivity increased about 10− 20% in the Atlantic provinces.Because salt fingers mix heat and dissolved substances more efficiently thanmechanical turbulence, the consideration of this process could have importantimplications for the transport of properties and substances, and derived bio-geochemical impacts. Hamilton et al. (1989) argued that nitrate fluxes into thephotic zone in subtropical regions could be underestimated up to one order ofmagnitude if salt fingers mixing was ignored. By using a modeling approach,Glessmer et al. (2008) showed that the nutrient input through double-diffusionhas a significant influence in primary and export production in oligotrophicregions, generating an additional oceanic carbon uptake of about 0.4 g Cm2 year−1. According to these authors, salt fingers and mechanical mixinghave different climate sensitivities, and its relative contribution to mixing willprobably be subjected to changes in the future.Small-scale turbulence strongly affects the overall ocean circulation, in-fluences the marine biota through the control on the distribution and growthof marine organisms, and helps to disperse pollutants (Thorpe, 2004). Cli-mate models predict changes in the intensity of mixing and stratification asa consequence of global warming (Sarmiento et al., 1998). For this reason,understanding the regional and temporal variability of turbulent mixing is cru-cial to predict changes in ocean circulation and global biogeochemical cyclesin the near future. In this sense, the microstructure turbulence data collectedduring the Malaspina expedition represents a unique contribution to progressin our knowledge about the distribution of turbulence in the ocean, and itsinteraction with other chemical and biological processes.
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Chapter 3
Importance of salt fingering for newnitrogen supply in the oligotrophicocean
Fernández-Castro, B., Mouriño-Carballido, B., Marañón, E., Chouciño, P., Gago, J.,Ramírez, T., Vidal, M., Bode, A., Blasco, D., Royer, S.-J., Estrada, M., and Simó, R. (2015).Importance of salt fingering for new nitrogen supply in the oligotrophic ocean. Nat. Commun.,doi:10.1038/NCOMMS9002. (Appendix B)
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Abstract
The input of new nitrogen into the euphotic zone constrains the export oforganic carbon to the deep ocean and thereby the biologically-mediated long-term CO2 exchange between ocean and atmosphere. In low-latitude open-ocean regions, turbulence-driven nitrate diffusion from the ocean’s interior andbiological fixation of atmospheric N2 are the main sources of new nitrogenfor phytoplankton productivity. With measurements across the tropical andsubtropical Atlantic, Pacific and Indian oceans, we show that nitrate diffusion(171 ± 190 µmol m−2 d−1) dominated over N2 fixation (9.0 ± 9.4 µmol m−2d−1) at the time of sampling. Nitrate diffusion mediated by salt fingers wasresponsible for ca. 20% of the new nitrogen supply in several provinces of theAtlantic and Indian Oceans. Our results indicate that salt fingers diffusionshould be considered in present and future ocean nitrogen budgets, as it couldsupply globally 0.23–1.00 Tmol N y−1 to the euphotic zone.
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3.1 Introduction
The concept of new production, as opposed to regenerated production, hasbeen instrumental for understanding and modeling carbon export in the ocean(Eppley and Peterson, 1979). The concept indicates that biological productionsusceptible of being exported outside the euphotic zone must be in balancewith the input of new nutrients (as opposed to nutrient recycling) into theeuphotic zone (Eppley and Peterson, 1979). Turbulent diffusion across thenitracline has been traditionally considered the dominant source for new ni-trogen to the surface ocean. However, recent studies indicate that biologicalfixation of atmospheric N2 by microbial diazotrophs could equal or even exceednitrate diffusion as a mechanism for new nitrogen supply in the large sub-tropical gyres (Capone et al., 2005, Mouriño-Carballido et al., 2011, Painteret al., 2013). These vast biomes are responsible for about 30% of the globalcarbon export to the deep ocean (Emerson et al., 1997, Najjar et al., 2007).Below the mixed layer, turbulent diffusivity is due to mechanical processes,such as shear instabilities and internal waves, and also to double-diffusiveprocesses including salt fingers (Gargett, 1989). These develop in the tropi-cal and subtropical central oceans where warm and salty layers overlie coolerand fresher waters (Schmitt, 1981). Because salt fingers mix dissolved sub-stances more efficiently than mechanical turbulence (McDougall and Ruddick,1992), this phenomenon could have important implications for the transport ofnutrients and phytoplankton growth (Glessmer et al., 2008). The first attemptto quantify the relevance of salt fingers mixing to new production reporteda 6-fold increase in nitrate diffusive fluxes (Hamilton et al., 1989). Despitethe subsequent development of more accurate models to estimate salt fingersdiffusivity from microstructure measurements (St Laurent and Schmitt, 1999),simultaneous estimates of the magnitudes of nitrate diffusion and N2 fixationhave so far overlooked the contribution of this process (Capone et al., 2005,Mouriño-Carballido et al., 2011, Painter et al., 2013, Liu et al., 2013).Between December 2010 and July 2011, during the Malaspina expedition,estimates of N2 fixation rates and nitrate diffusive fluxes, due to mechanicalturbulence and salt fingers, were obtained in 40 stations located in different
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Figure 3.1: Details of the sampling stations carried out during the Malaspina circumnave-gation expedition. Diffusivity was estimated by using a microstructure profiler (MSS, whitesquares 2 and circles ◦) and the K-profile parameterization (KPP, white diamonds 3). Infour stations nitrate concentrations were obtained from the World Ocean Atlas 2009 (WOA09,white circles ◦). Small dots (•) indicate stations sampled for Trichodesmium spp. abundance.Numbers indicate station numbers. Main tropical and subtropical biogeographical provinces(Longhurst, 2006) crossed during the expedition are shown: NASE (NE Atlantic Subtropi-cal Gyral), NATR (North Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL(South Atlantic Gyral) and CARB (Caribbean) in the Atlantic; ISSG (Indian South Sub-tropical Gyre) in the Indian and SPSG (South Pacific Subtropical Gyre), PEQD (PacificEquatorial Divergence), PNEC (North Pacific Equatorial Countercurrent) and NPTG (NorthPacific Tropical Gyre) in the Pacific Oceans.




Field observations were carried out during the Malaspina circumnavigationexpedition in the Atlantic, Pacific and Indian Oceans between December 2010and July 2011 on board R/V Hespérides (see Figure 3.1). The cruise was di-vided into 7 legs: leg 1 (14th December 2010, Cádiz - 13th January 2011,Rio de Janeiro), leg 2 (17th January, Rio de Janeiro - 6th February, CapeTown), leg 3 (11th February, Cape Town - 13th March, Perth), leg 4 (17thMarch, Perth - 30th March, Sidney), leg 5 (16th April, Auckland - 8th May,Honolulu), leg 6 (13th May, Honolulu - 10th June, Cartagena de Indias), andleg 7 (19th June, Cartagena de Indias - 14th July, Cartagena). Leg 1 crossedthe NE Atlantic Subtropical Gyral (NASE), the North Atlantic Tropical Gy-ral (NATR), the Western Tropical Atlantic (WTRA) and the South AtlanticGyral (SATL) biogeographical provinces (Longhurst, 2006). Leg 2 sampleda zonal transect across the South Atlantic Gyral (SATL) province, the laststation being carried out in the Benguela Current Coastal (BENG). Leg 3crossed the Indian ocean from west to east. The first three stations werecarried out in the East Africa Coastal (EARF) province, whereas most of thestations sampled the Indian South Subtropical Gyre (ISSG) province. Fourprovinces were sampled along the South Australian coast during leg 4: ISSG,the Australia-Indonesia Coastal (AUSW), the South Subropical Convergence(SSTC) and the East Australia Coastal (AUSE) provinces. During leg 5 theSouth Pacific Subtropical Gyre (SPSG), the Equatorial Pacific (PEQD), theNorth Pacific Equatorial Countercurrent (PNEC) and the North Pacific Trop-ical Gyre (NPTG) provinces were sampled. The leg 6 crossed the NorthPacific Tropical Gyre (NPTG) and again the PNEC province. Finally, duringleg 7 the Caribbean sea (CARB), NATR and NASE provinces were sampled.Conductivity-Temperature-Depth (CTD) casts were carried out with a Sea-Bird Electronics SBE911plus probe attached to a rosette equipped withNiskin bottles. A Lowered Acoustic Doppler Current Profiler (LADCP) systemwas also mounted on the rosette. A microstructure turbulence profiler was
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deployed in 36 stations. Water from Niskin bottles was collected in 39 sta-tions for nutrient analysis, in 44 stations for the determination of N2 fixationrates, and in 136 stations for microphytoplankton abundance determination.Samples for the determination of Trichodesmium abundance from a planktonnet were collected in 132 stations.
3.2.2 Microstructure measurements
Measurements of microstructure shear and temperature used to infer dissi-pation rates of turbulent kinetic energy (ε) and thermal variance (χ) wereconducted by using a microstructure turbulence profiler MSS (Prandke andStips, 1998), down to a maximum depth of 300 m. Averaged diffusivity due toboth mechanical turbulence and salt fingers (Kt+sf) was modelled, accordingto St. Laurent and Schmitt (St Laurent and Schmitt, 1999), as the weighedsum of diffusivity due to turbulence (Kt) and salt fingers (K Ssf , where S standsfor salt as we assumed that nitrate diffuses at the same rate as salinity), asKt+sf = psfK Ssf +(1−psf)Kt, where psf is the weighting factor, corresponding tothe fraction of bins where salt fingers are active. Favorable stratification forsalt fingers was identified using the density ratio (Rρ = α∂zT /β∂zS, whereα and β are the thermal expansion and salinity contraction coefficients, re-spectively). Although salt fingers are theoretically possible for Rρ > 1, itscontribution to mixing has been shown to be irrelevant for Rρ > 2 (St Lau-rent and Schmitt, 1999). According to McDougall (1988) and Hamilton et al.(1989), who solved the turbulent kinetic energy equation for salt fingers, mix-ing efficiency for this process is expected to exceed the value of 0.2 for me-chanical turbulence. Hence, we used two parameters to identify salt fingersactive bins, the density ratio (1 < Rρ < 2) and the observed mixing efficiency(ΓObs > 0.2), calculated as ΓObs = 0.5N2χ/ε(∂zT )2, where N is the buoyancyfrequency. Diffusivity for turbulence (Kt) and salt fingers (K Tsf ) bins werecomputed following the Osborn (Osborn, 1980), Kt = Kε = 〈0.2ε/N2〉, andthe Osborn-Cox (Osborn and Cox, 1972) models, K Tsf = Kχ = 〈0.5χ/(∂zT )2〉,respectively. The Osborn-Cox (Osborn and Cox, 1972) model applies for heat.For dissolved substances (i.e. nitrate) K Ssf = 〈Rρ〉r−1K Tsf , where r = 0.4− 0.7,
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according to the compilation of estimates carried out by St. Laurent andSchmitt (St Laurent and Schmitt, 1999), is the salt fingers flux ratio. Here weset r = 0.7 for coherence with the K-profile parameterization (see below). Inthe manuscript, salt fingers diffusivity Ksf refers to the weighted contributionof this mechanism to total diffusivity: psfK Ssf . Errors in turbulence plus saltfingers (Kt+sf) and salt fingers diffusivity (Ksf) were estimated as the standarddeviation of 1000 estimates obtained by bootstraping the input variables: α ,β, Rρ, Kε and Kχ . In this way, ε and χ uncertainties were treated implicitlythrough Kε and Kχ . A 10% error estimate of the salt fingers flux ratio wasadded to the calculations. A sensitivity test was performed to verify that thecomputed diffusivity was not strongly dependent on the choice of the criticalΓ value (data not shown).During leg 3, when we sampled the Indian Ocean, and due to technicalproblems, no microstructure measurements were available so diffusivity wasestimated by using an adaptation of the K-Profile Parameterization (KPP)(Large et al., 1994) based on CTD, LADCP and meteorological data. The saltfingers term included in the KPP was considered as Ksf . Uncertainties ofKPP diffusivity were calculated as the standard deviation of 1000 averagedestimates resulting from bootstraping individual 10 m vertical resolution Kvalues within the nitracline. A detailed description of the implementationof the KPP and the comparison with diffusivity derived from microstructureobservations collected during the Malaspina expedition is given in Fernández-Castro et al. (2014).
3.2.3 Nitrate diffusive fluxes
Nitrate diffusive fluxes across the nutricline were calculated following theFick’s law as:
Flux NO3 = −〈K 〉∂[NO3]∂z , (3.1)where ∂[NO3]∂z is the nitrate gradient obtained by linearly fitting nitrateconcentrations in the nitracline, and 〈K 〉 is averaged diffusivity for the samedepth range.
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A total of 7-9 samples for nitrate (NO3) + nitrite (NO2) concentrationin the upper 300 m were directly collected from the Niskin bottles in 20 mlacid washed polyethylene vials. They were immediately analysed on boardaccording to classical methods using the automated colorimetric technique(Grasshoff et al., 1983) on a segmented flow Skalar autoanalyser. For thenitracline region, relevant for this study, vertical resolution varied between20 and 50 m. The nitracline was determined as a region of approximatelymaximum and constant gradient, usually extending for 50-100 m and includ-ing 4-6 nitrate data points. In those stations where nitrate concentrationswere not available (see Figure 3.1) nitrate gradients were computed from thedata included in the World Ocean Atlas 2009 (WOA09) database (Garciaet al., 2010b). A good correspondence between nitrate gradients based onMalaspina observations and the WOA09 climatology was found (r = 0.76,p < 0.001, data not shown). Diffusive fluxes errors were calculated as thesquared sum of the diffusivity error (see above) and the error of the sloperesulting from the linear fit.Nitrate diffusive fluxes due to mechanical turbulence and salt fingers mix-ing during the TRYNITROP cruise, which sampled a meridional transect from30◦S to 30◦N in the Atlantic Ocean in April-May 2008 (Mouriño-Carballidoet al., 2011), were calculated following exactly the same protocol describedfor the Malaspina expedition.
3.2.4 N2 fixationSamples for the determination of N2 fixation rates were collected at the samestations where nitrate diffusive fluxes were computed. Additionally, sam-ples were also collected at one station located at the Indian Australia coast(AUSW). Only those stations carried out in tropical and subtropical regionswere used for computed global open-ocean averages reported in the text. N2fixation was measured at four depths (surface, the depths where the photo-sinthetically active radiation (PAR) was 20% and 10% of the surface value,and the deep chlorophyll maximum) following the 15N2 uptake technique de-scribed by Montoya et al. (1996). For each depth, one (three during leg 6)
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acid-washed, clear polycarbonate bottle (4 liters in volume) were filled di-rectly from the CTD-rosette and supplemented with 8 mL of 15N2 (98 atom%;Sigma-Aldrich, lot -CX0937). Samples were incubated on deck at their orig-inal irradiance and temperature conditions during 24 h. After the incubationthe whole volume was filtered through a 25-mm GF/F filter (Whatman). Af-terward, filters were dried at 40◦C for 24 h and then stored until pelletizationin tin capsules. 15N atom % in particulate organic matter was measuredwith an elemental analyzer combined with a continuous-flow stable isotopemass-spectrometer (Flash-EA112 + Deltaplus; ThermoFinnigan), using anacetanilide standard as reference. The equations given by Weiss (1970) andMontoya et al. (1996) were used to calculate the initial N2 concentration andN2 fixation rates, respectively.
3.2.5 Trichodesmium spp. abundance
Plankton samples were collected by vertical tows of a microplankton net (40
µm mesh size) through the upper 200 m of the water column. Sampling wasbetween 10:00 and 16:00 h GMT. Abundance of the diazotroph Trichodesmiumspp. was estimated by counts of 50 mL aliquots of the sample from themicroplankton net preserved in glutaraldehyde (25% final concentration) usinga FlowCAM r system (Fluid Imaging Technologies). Prior to analysis, thesamples were screened with a 100 µm nylon mesh to prevent clogging of theFlowCAM cell. Results are reported as number of colonies (trichomes) persquare meter.
3.2.6 Diazotrophic microphytoplankton abundance
Samples for the determination of the abundance of diatomsHemiliaulus hauckiisp. and Rhizosolenia spp. hosts of the diazotrophic cyanobacteria Richeliaintracellularis, and abundances of Richelia intracellularis colonies were col-lected at three depths from the surface to the deep chlorophyll maximum(DCM) and fixed with 2% formalin-hexamine solution. Abundance was quan-tified using an inverted microscope, after 48h sedimentation of 150 ml ofsample in composite settling chambers.
80 Importance of salt fingering in the oligotrophic ocean
3.2.7 Global supply of nitrate due to salt fingers diffusivity
A gross estimate of vertical nitrate fluxes due to salt fingers diffusivity between40◦S and 40◦N was computed by using data from the World Ocean Atlas 2009(WOA09). Vertical nitrate gradients were computed in the upper 250 m, andthe nitracline was determined as the depth of maximum gradient. Temperature(Locarnini et al., 2010) and salinity (Antonov et al., 2010) fields were used tocompute the density ratio (Rρ). Vertical diffusivity due to salt fingers mixingwas calculated according to the K-Profile Parameterization (KPP) (Largeet al., 1994) as a function of Rρ:
K sfKPP = 0, Rρ ≥ R0ρ (3.2)
K sfKPP = 10 · 10−4
1−(Rρ − 1R0ρ − 1
)23 , 1.0 < Rρ < R0ρ (3.3)
where R0ρ = 1.9. Nitrate vertical fluxes due to salt fingers mixing werecalculated following the equation 3.1. Errors were calculated by propagatingstandard errors of the temperature, salinity and nitrate fields.A second global estimate was calculated by extrapolating the averagednitrate diffusive flux due to salt fingers (46± 76 µmol m−2 d−1), computed byusing only the 21 stations where stratification conditions were favourable forsalt fingers formation (1 < Rρ < 2) during the Malaspina expedition, to theglobal surface area where this condition was accomplished in the nutricline(≈ 1.3 · 107 km2), according to the WOA09 temperature and salinity fields.
3.3 Results
3.3.1 Nitrate diffusive fluxes
Vertical diffusivity by mechanical turbulence and salt fingers computed duringthe expedition ranged between 0.0296·10−4 m2 s−1 and 25.6·10−4 m2 s−1, withthe highest values observed near the southern coast of Australia (Figure 3.2
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Figure 3.2: a) Averaged vertical diffusivity including the effect of salt fingers plus mechanicalturbulence (Kt+sf), b) nitrate gradient, and c) nitrate diffusive fluxes across the nutricline.White numbers in black bubbles indicate values above the range shown in the color bar.Main tropical and subtropical biogeographical provinces (Longhurst, 2006) crossed duringthe expedition are shown (See Figure 3.1)
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and Supplementary Table A.3). Nitrate gradients were in general > 100 µmolm−4 in the tropical provinces, some of them influenced by the equatorial orthe Costa Rica Dome upwelling (NATR,WTRA,PEQD and PNEC), and lowerthan this value in the subtropics (Table 3.1). Nitrate diffusive fluxes, computedas the product of vertical diffusivity and the nitrate gradient (see Methods),mostly ranged between 5.4 and 846.5 µmol m−2 d−1 (Supplementary TableA.3) (global average 171±190 (± SD) µmol m−2 d−1). The regional variabilityof these fluxes was mainly driven by nitrate concentration gradients, as theywere generally higher in the tropical Atlantic and Pacific (ranging 99.9 −495.4 µmol m−2 d−1 in NATR, WTRA, PEQD and PNEC), compared to thesubtropical and Caribbean provinces (25.6 − 177.7 µmol m−2 d−1 in NASE,SATL, CARB, ISSG and SPSG) (Table 3.1). The only exception to this generalpattern were the higher values observed at two stations sampled near southAustralia, due to the enhanced diffusivity.Salt fingers diffusion was negligible in the Pacific, where favourable strat-ification conditions for their formation were scarce (Fernández-Castro et al.,2014), and relevant in the Atlantic provinces SATL (0.17±0.35 ·10−4 m2 s−1),NASE (0.07± 0.05 · 10−4 m2 s−1) and WTRA (0.07± 0.11 · 10−4 m2 s−1), andthe Indian ISSG (0.05 ± 0.09 · 10−4 m2 s−1, see Table 3.1). The averagednitrate diffusive flux due to salt fingers computed using all the open-oceanstations sampled during the expedition was 24± 57 µmol m−2 d−1. However,stratification conditions favourable for salt fingers were only found in 21 sta-tions. The average flux using only these stations was 46± 76 µmol m−2 d−1.The higher nitrate fluxes due to salt fingers mixing were computed for WTRA(162.8± 239.1 µmol m−2 d−1), followed by the Atlantic and Indian subtropicsprovinces NASE, SATL and ISSG (20.5− 34.9 µmol m−2 d−1).
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Figure 3.3: a) Photic layer depth-integrated N2 fixation rates and b) Trichodesmium abun-dance estimated from vertical tows of a microplankton net in the upper 200 m (see Methods).White numbers in black bubbles indicate values above the range shown in the color bar.White circles indicate stations where the organisms were not detected. Main tropical andsubtropical biogeographical provinces (Longhurst, 2006) crossed during the expedition areshown (See Figure 3.1).
ocean, and the highest province-averaged rate corresponded to the southAtlantic SATL (17.8± 14.8 µmol m−2 d−1) (Table 3.1). The abundance of thecolony-forming diazotrophic cyanobacterium Trichodesmium spp. was higher(> 40 · 106 filaments m−2) in the Atlantic WTRA and CARB, followed bythe Atlantic NATR and the Pacific SPSG (> 20 · 106 filaments m−2) (Table3.2). The diazotrophic endosymbiont Richelia intracellularis and its hosts,the diatoms Hemiaulus hauckii and Rhizosolenia spp., were more abundantin the SATL (Figure 3.4 and Table 3.2).
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Figure 3.4: Photic layer depth-integrated abundance of a) Richelia colonies, b) Rhizosoleniaspp. and c) Hemiliaulus hauckii spp. collected during the Malaspina expedition. White cir-cles indicate stations where the organisms were not detected. Main tropical and subtropicalbiogeographical provinces Longhurst (2006) crossed during the expedition are shown: NASE(NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gyral), WTRA (WesternTropical Atlantic), SATL (South Atlantic Gyral) and CARB (Caribbean) in the Atlantic; ISSG(Indian South Subtropical Gyre) in the Indian and SPSG (South Pacific Subtropical Gyre),PEQD (Pacific Equatorial Divergence), PNEC (North Pacific Equatorial Countercurrent) andNPTG (North Pacific Tropical Gyre) in the Pacific Oceans.
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Table 3.2: Averaged photic layer depth-integrated abundance of Trichodesmium spp. tri-chomes, Richelia colonies, Rhizosolenia spp. and Hemiliaulus hauckii spp. computed for thetropical and subtropical biogeographical provinces crossed during the Malaspina expedition(Prov.) (See Figure 3.1). nT rich and nDia are the number of stations where Trichodesmiumspp. and the other diazotrophic microphytoplankton groups were determined, respetively.Errors correspond to standard deviations.
Prov nT rich Trichodesmium ndia Richelia Rhizosolenia HemiaulusHauckii106 tricomes m−2 106 colonies m−2 106 cell m−2 106 cell m−2













































Figure 3.5: Relative contribution (%) of nitrate diffusive fluxes due to mechanical turbulence(MT, orange) and salt fingers (SF, red), and N2 fixation (N2, black) to the new nitrogensupply, considered as the sum of these three processes. Main tropical and subtropicalbiogeographical provinces (Longhurst, 2006) crossed during the expedition are shown (SeeFigure 3.1).
3.3.3 Relative contributions to new nitrogen supply
The relative contribution of nitrate diffusive fluxes (due both to mechani-cal turbulence and salt fingers) and N2 fixation to the new nitrogen supply,here considered as the total amount of new nitrogen supplied by these pro-cesses, is reported in Figure 3.5, Table 3.1 and Supplementary Table A.3. Itis important to note that several other mechanisms, such as mesoscale and
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submesoscale turbulence, lateral transport, atmospheric deposition and morecomplex three-dimensional dynamics, today recognised as important contrib-utors to the supply of new nitrogen (Oschlies and Garçon, 1998, Torres-Valdéset al., 2009, Duce et al., 2008, Jenkins and Doney, 2003), were not consid-ered in our study. On average N2 fixation represented 10 ± 15% of the newnitrogen supply. This process represented > 50% of the new nitrogen sup-ply only in one station, located in the western SATL, where relatively highN2 fixation rates coincided with low diffusive fluxes. Other than that, thehigher contributions of N2 fixation occurred in the Atlantic provinces SATL(21%) and CARB (19%) (Table 3.1). The global averaged contribution of saltfingers mixing was 11 ± 18%. Although the averaged contribution of N2 fix-ation and salt fingers mixing to the new nitrogen supply was very similar,both processes showed a different regional distribution. The contribution ofsalt fingers was > 50% only in four stations, located in the Atlantic SATL,the Indian ISSG and the coastal south Australia (Supplementary Table A.3).In terms of provinces, higher averaged contributions were computed for theAtlantic SATL (24%), WTRA (19%), NASE (19%), and the Indian ISSG (18%),whereas the contribution in the Pacific provinces was < 5% (Table 3.1).
3.4 Discussion
Nitrate diffusive fluxes computed during the Malaspina Expedition are in therange of previously reported values for open-ocean (34− 850 µmol m−2 d−1)(Mouriño-Carballido et al., 2011, Painter et al., 2013, Arcos-Pulido et al.,2014, Lewis et al., 1986) and regions under the influence of equatorial up-welling (1300 µmol m−2 d−1) (Carr et al., 1995). Despite the relevant con-tribution of salt fingers to nitrate diffusion described for our data in severalAtlantic and Indian provinces, our estimates are far below the 5 to 6-foldincrease factor, with respect to mechanical turbulence, reported by Hamiltonet al. (1989) and Dietze et al. (2004). Differently to our study, Hamiltonet al. used the conservation equation of turbulent kinetic energy to derivesalt fingers mixing efficiency by assuming that there is no mechanical gener-ation of turbulence. However, more recent studies demonstrated that in the
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ocean mechanical turbulence could disrupt the effect of salt fingers causinglower mixing efficiencies than those predicted by the Hamilton et al. model(St Laurent and Schmitt, 1999) (see Methods). On the other hand, Dietzeet al. (2004) computed nitrate diffusive fluxes using two parameterizationsfor internal waves (Gregg, 1989) and salt fingers diffusivity (Zhang et al.,1998) based on CTD (Conductivity, Temperature, Depth) and current velocitydata. Simultaneous microstructure derived and parameterized diffisivity es-timates are scarce, for this reason, and also because the different nature ofboth estimates, the comparison is difficult to make. In a previous study wecompared microstructure derived and K-profile parameterized (KPP) diffusiv-ity estimates performed during the Malaspina expedition (Fernández-Castroet al., 2014). In general, the KPP showed a good agreement with diffusiv-ity estimates derived from microstructure observations. However, the relativecontribution of salt fingers mixing derived from the KPP was higher comparedto the estimates derived from microstructure observations. Our estimates arein good agreement with recent studies using the same model to estimate thecontribution of salt fingers mixing (Arcos-Pulido et al., 2014), therefore dis-crepancy with previous studies is probably due to the different approachesused.Excluding the Atlantic NASE and SATL provinces, N2 fixation rates mea-sured during the Malaspina expedition fall within the lower edge of previousestimates recently compilated by Luo et al. (2012) (Supplementary Table 3.1).Some of the previously described spots of enhanced N2 fixation, such as theCaribbean and the tropical north Atlantic (Capone et al., 2005, Moore et al.,2009, Fernández et al., 2010), were not detected here. This was probably dueto the low spatial resolution of our sampling for N2 fixation rates (ca. 1000km), as these spots were indeed tracked by the higher spatial resolution ofthe Trichodesmium abundance measurements. The fact that Trichodesmiumabundance did not show any statistically significant correlation with N2 fixa-tion rates (r = −0.059, p = 0.71) points to the contribution of other groups ofdiazotrophs. High abundances of the diatoms Hemiaulus hauckii and Rhiso-zolenia hosting the diazotrophic symbiont Richelia intracelularis found in thewestern SATL, could possibly be related to the enhanced N2 fixation rates
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determined in this region (see Figure 3.4). Elevated N2 fixation rates as theresult of this symbiosis have been previously reported in the Amazon riverplume region (Subramaniam et al., 2008). Moreover, the symbiotic cyanobac-terium UCYN-A hosted by a prymnesiophyte was also detected during theMalaspina expedition in regions of enhanced N2 fixation rates, as the westernSATL and the eastern Indian ocean (Cabello et al., submitted). Indeed, therates we measured in tropical and subtropical regions are in good agreementwith the background N2 fixation rates of 8-16 µmol m−2 d−1 reported for uni-cellular diazotrophs in the North Atlantic (Moore et al., 2009, Painter et al.,2013).It has recently been reported that the 15N2 bubble injection techniqueunderestimates N2 fixation rates because the injected bubble does not at-tain equilibrium with the water (Mohr et al., 2010, Grosskopf et al., 2012).According to Mohr et al. (2010) the underestimation is significantly reducedwhen, similar to the methodology used during the Malaspina expedition (seeMethods), twenty-four hours incubations are used. However, recent studiessuggest that the underestimation could persist for 24-h incubation periods(Wilson et al., 2012). Although there is a growing interest by the scientificcommunity to establish a protocol to solve this problem, so far no consensushas been attained. In any case, the underestimation problem would also affectmost of the previously published N2 fixation rates (Luo et al., 2012).To our knowledge only three studies have compared so far the relevanceof nitrate diffusion and N2 fixation in the open-ocean (Capone et al., 2005,Mouriño-Carballido et al., 2011, Painter et al., 2013), none of them includingthe contribution of salt fingers to mixing. In the tropical north Atlantic, Caponeet al. (2005) estimated that N2 fixation by Trichodesmium spp. could equalor even exceed the vertical flux of nitrate into the euphotic zone as estimatedby using a constant diffusivity. The use of a microstructure profiler along ameridional transect in the Atlantic (TRYNITROP cruise) revealed the impor-tance of considering the variability in diffusivity (Mouriño-Carballido et al.,2011). These authors estimated a contribution of N2 fixation to the new ni-trogen supply of 44 ± 30%, 22 ± 19%, and 2 ± 2% in the south subtropical,equatorial and north subtropical Atlantic, respectively. Finally, Painter et al.





































































































































Figure 3.6: a) Nitrate diffusive fluxes computed across the nutricline, due to mechanicalturbulence plus salt fingers diffusivity, b) photic layer depth integrated N2 fixation rates andc) relative contribution (%) of mechanical turbulence (MT, orange), salt fingers (SF, red) andN2 fixation (N2, black) to the new nitrogen supply, considered as the sum of these threeprocesses. White numbers in black bubbles indicate values above the range shown in thecolor bar. Main biogeographical provinces (Longhurst, 2006) crossed during the TRYNITROPcruise are shown in the map: NASE (NE Atlantic Subtropical Gyral), NATR (North AtlanticTropical Gyral), WTRA (Western Tropical Atlantic) and SATL (South Atlantic Gyral).





















































Figure 3.7: Vertical nitrate fluxes due to salt fingers diffusivity computed for the global oceanfrom the World Ocean Atlas 2009 data and the K-Profile Parameterization. White areas indi-cate regions where no salt fingers’ favourable stratification was found at the nitracline depth,and hence salt fingers diffusivity was zero. Main tropical and subtropical biogeographicalprovinces (Longhurst, 2006) crossed during the expedition are shown (See Figure 3.1).
lence and salt finger mixing to the supply of new nitrogen to surface euphoticwaters in large regions of the open-ocean. These data reveal that nitrate dif-fusion dominated over N2 fixation at the time of sampling, and highlight theimportance of considering the effect of salt fingers mixing in nitrogen budgetsof the surface ocean. This process was an important source for new nitrogen,representing close to 20% of the new nitrogen supply in the Atlantic tropicaland subtropical NASE, WTRA and SATL provinces, and the subtropical In-dian ISSG (Table 3.1). Although salt fingers mixing and N2 fixation showeddifferent regional distribution, on average, the contribution of both processesas sources of new nitrogen supply was comparable. Albeit the Malaspinaexpedition provided an unique data set, this study has limited temporal andspatial resolution. In order to provide a global estimate of nitrate diffusivefluxes due to salt fingers mixing, we combined data from the World OceanAtlas 2009 (http://www.nodc.noaa.gov/) and the K-Profile Parameteriza-tion (KPP) (Large et al., 1994) (Figure 3.7). The computed supply flux bythis process (1.00 ± 0.75 Tmol y−1) is about 4-fold higher than the globalestimate derived from extrapolating the averaged salt fingers flux estimatedfrom the Malaspina observations (0.23 Tmol y−1). These numbers are withinthe range of global N2 fixation (0.36-11 Tmol y−1) (Carpenter and Capone,2008) and atmospheric N deposition (2-6 Tmol y−1) (Okin et al., 2011) es-
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timates, emphasising the need to include salt fingers mixing in present andfuture ocean nitrogen budgets.
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Chapter 4
Optimality-based TrichodesmiumDiazotrophy in the North AtlanticSubtropical Gyre
93
Abstract
A recent optimality-based model for phytoplankton growth and diazotrophywas applied to two stations located in the oligotrophic western and the ultra-oligotrophic eastern subtropical North Atlantic. Contrary to the traditionalview in which diazotrophy is favoured by nitrogen (N) depletion relative tothe Redfield equivalent of phosphorus (P), we find that optimally-regulateddiazotrophy could explain nitrogen fixation in both regions of relatively highN:P supply ratio. This is possible because the availability of an additionalsource of nitrogen for diazotrophs makes them strong competitors for P un-der oligotrophic conditions. However, the best reproduction of observations,especially of primary production, is only achieved with preferential reminer-alization of P relative to N and atmospheric deposition. A higher rate ofnitrogen fixation is predicted, in line with observations, for the eastern site,owing to a larger niche for diazotrophs resulting from stronger oligotrophy andlower N:P supply ratios due to weaker atmospheric N deposition. Becausethe competitive advantage of diazotrophs under nutrient starvation diminisheswith increasing N:P ratio of the supply, the predicted increase of atmosphericN deposition due to anthropogenic activity could negatively affect N2 fixationin the Atlantic Ocean.
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4.1 Introduction
The ocean is responsible for an annual photosynthetic fixation of ∼ 50 Pg ofcarbon, which represents about half of the global primary production (Fieldet al., 1998). Carbon fixation by marine phytoplankton in the photic layer andits transport to the deep ocean, known as the biological carbon pump, playsa key role in the ocean-atmosphere CO2 exchange, and hence affects climateon time scales from decades to millennia. Despite their oligotrophic nature,due to their large expanse, the subtropical gyres have been estimated tocontribute about 50% of the marine export production (Emerson et al., 1997).In these regions phytoplankton growth is limited by the scarcity of nutrients,mainly nitrogen (N) (Moore et al., 2013, Arteaga et al., 2014). This limitation,however, can be relieved by the supply of this nutrient into the surface oceanby means of N2 fixation and atmospheric deposition. Together with upwardmixing of nitrate from below, this supply ultimately constrains the amount offixed carbon that can potentially be exported to the deep ocean (Beckmannand Hense, 2009). N2 fixation by diazotrophs is generally considered themost important source of fixed N into the ocean, and is believed to globallycompensate for the fixed-N loss through denitrification (Deutsch et al., 2007).Recent studies indicate that this process could have a significant contributionto the new nitrogen input in the oligotrophic ocean (Capone et al., 2005,Painter et al., 2013, Mouriño-Carballido et al., 2011, Fernández-Castro et al.,2015).Despite its crucial role in the marine nitrogen cycle, the magnitude ofglobal N2 fixation by marine diazotrophs (Carpenter and Capone, 2008) andthe mechanisms controlling its regional distribution (Luo et al., 2014) arerather poorly constrained. The view of diazotrophy being tightly coupledto nitrogen loss due to denitrification implies a competitive advantage ofdiazotrophic over ordinary phytoplankton in waters with excess phosphorus(P) relative to the Redfield equivalent of dissolved inorganic nitrogen (DIN)(Deutsch et al., 2007). According to this view, most of the marine N2 fixa-tion should take place in areas close to denitrification hot-spots. However,this is at odds with field observations indicating high abundances of the non-
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Figure 4.1: Locations of the two sites in the western (NASW) and eastern (NASE) subtropicalNorth Atlantic used for our model simulations. The location of NASW coincides with thelocation of the Bermuda Atlantic Time-series Study (BATS). The background color representsthe averaged nitrate to phosphate (NO3:PO4) ratios on the 1026.4 kgm−3 isopycnal. Theblack and white contour lines indicate the Redfield N:P (= 16) ratio and the depth of the1026.4 kgm−3 isopycnal, respectively. Nutrient data were obtained from the World OceanAtlas 2009 (Garcia et al., 2010b).
sites located in the ultra-oligotrophic eastern (25◦N 30◦W, NASE) and theoligotrophic western (31◦N 64◦W, NASW) North Atlantic subtropical gyre.Both areas are characterised by moderate N2 fixation activity (Orcutt et al.,2001, Painter et al., 2013). The NASW site coincides with the location of theBermuda Atlantic Time-series Study (BATS) site south of the Gulf Stream, inan area of relatively high N:P ratios in the upper thermocline (Figure 4.1). Themain goals of this study are first to assess the performance of the optimality-based diazotrophy model under different levels of oligotrophy and N:P supplyratios in the subtropical North Atlantic, and second to investigate the role ofN2 fixation and its interactions with atmospheric N deposition and preferen-tial P remineralization at both sites.
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Figure 4.2: Optimality-based ecosystem model of plankton and dissolved organic matter(DOM) dynamics. The model contains optimality-based formulations for primary production,N2 fixation, zooplankton foraging, and bacterial dynamics. Phytoplankton, DOM, and detrituscontain separate states for C, N, and P (double lines), whereas bacteria and zooplanktonhave fixed C:N:P composition. Diazotrophs can switch between N2 fixation and DIN uptake(dashed arrow). Zooplankton fecal pellets are the sole source of detritus. Bacteria canpotentially utilise or release inorganic N and P, depending on the C:N:P ratio of labileDOM. Labilities (labile fractions) of DOC, DON, DOP are represented by dynamic traits.Phytoplankton and detritus sink passively (export production). Air-sea exchange of CO2 andwater column carbonate chemistry are not explicitly simulated.
4.2 Methods
4.2.1 Adaptation of the plankton model
The plankton model used in this study is a modified version of the modeldescribed in Pahlow et al. (2008), which has been extended to cover dis-
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solved and particulate phosphorus (P) dynamics (Figure 4.2). Only the twomain macronutrients (N and P) in inorganic and organic forms are consideredin this model. The distinction between organic and inorganic nutrients isdefined operationally here, so that dissolved inorganic nutrients (DIN, DIP)are utilisable by both phytoplankton and bacteria, whereas organic nutrients(DON, DOP) are available exclusively to bacteria. Although iron availabilitymight represent a potential limitation for diazotrophs, we assume that ironconcentrations are sufficiently high to prevent significant limitation by thisnutrient in our study (Sañudo-Wilhelmy et al., 2001), as deposition rates arerelatively high and similar across the whole subtropical North Atlantic (Jick-ells et al., 2005) A second phytoplankton compartment has been added torepresent facultative diazotrophs, and both phytoplankton compartments arenow described by the optimality-based model of Pahlow et al. (2013), whichdescribes the optimal regulation of phytoplankton variable C:N:P stoichiom-etry and photoacclimation (optimal Chl:C ratio). Model parameters for non-diazotrophic and diazotrophic phytoplankton were obtained from chemostatexperiments (Pahlow et al., 2013). Diazotrophic phytoplankton parameterswere calibrated to represent the observed behaviour of Trichodesmium sp.,likely the major contributor to N2 fixation in the subtropical North Atlantic(Capone et al., 2005). The model of Pahlow et al. (2013) was slightly modi-fied to describe effects of temperature (T ) on the phytoplankton maximum-rateparameter (V P0 ), the phytoplankton light-absorption coefficient (αP), and thecost of chlorophyll maintenance (R chlM ) by multiplying these parameters witha temperature factor (fEppleyT ) (Eppley, 1972),
fEppleyT = 1.066(T−27◦C) (4.1)
V P0 defines the maximum biomass-normalised rates of growth, nutrient uptake,and chlorophyll synthesis in phytoplankton and αP is the initial slope of therelation between chlorophyll-normalised CO2 fixation and light (Pahlow et al.,2013).Zooplankton is described by an optimality-based model for zooplanktonforaging (Pahlow and Prowe, 2010). Temperature effects are treated by mul-
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tiplying the maximum ingestion rate and maintenance respiration parametersby fEppleyT as suggested by Pahlow and Prowe (2010). As in Pahlow et al.(2008), zooplankton comprises two size classes described by the fraction ofsmall zooplankton and total zooplankton biomass. Parameters for small andlarge zooplankton are derived from the parameter sets given in Pahlow andProwe (2010) for dinoflagellates and copepods, respectively. In order to main-tain constant zooplankton C:N:P ratios, we calculate the maximum fraction ofthe ingested C which can be assimilated given the effective C:N:P ratio of theingested food as
fZC = min(QingNQZN , Q
ingPQZP , 1
) (4.2)
where QingN and QingP are the C:N and C:P ratios of the ingested food and QZNand QZP are zooplankton C:N and C:P. Thus, zooplankton net relative growthrate (gZ), respiration (RZC ), and excretion (XZC ) are
gZ = gˆZfZC (4.3)RZC = EZIZC − gZ (4.4)XZC = IZC (1− EZ) (4.5)
where gˆZ is the potential growth rate, which would be achieved if fZC = 1,EZ is assimilation efficiency, and IZC is C ingestion. N and P losses are thenobtained from the mass-balance condition and distributed between metaboliclosses and excretion in the same proportion as RZC and XZC .Bacteria, detritus and dissolved organic matter (DOM) have been modi-fied and extended to account for P dynamics. Bacterial N and P dynamicsare described by a chain-model approach, analogously to the phytoplank-ton compartments, except that instantaneous acclimation and constant C:N:Pcomposition are assumed. Bacteria supplement the DOP associated withlabile DOC with additional uptake of DIP. Potential bacterial (combined
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inorganic and organic) P acquisition drives potential DIN uptake (Vˆ BDIN):
Vˆ BP = [ 1V BmaxQBP + 1ABPiPi
]−1 + V BPDOM, V BPDOM = V BC QlDOMP (4.6)
Vˆ BN = Vˆ BP QBNQBP (4.7)
where Vˆ BP is potential combined DIP and DOP acquisition, QBN and QBP arebacterial N:C and P:C ratios, respectively, V BPDOM is DOP taken in due tocoupling with DOC, V BC is DOC uptake, QlDOMP is the labile DOP:DOC ratio,and ABPi is the bacterial uptake affinity for inorganic phosphorus, Pi. ActualDIC and DIN uptake or remineralisation and respiration are then calculatedaccording to Pahlow et al. (2008) and actual DIP uptake or release is givenby V BPi = (V BC − RBC )QBP − V BPDOM (4.8)
4.2.2 Model runs
The model was run off-line, forced with hourly profiles of temperature andeddy-diffusion coefficients supplied from a 3D circulation model (Oschliesand Garçon, 1999) at 25◦N 30◦W (NASE) and 31◦N 64◦W (NASW) for thetwelve-year period from 01/01/1989 to 31/12/2001, following a 7 year spin-up with the same forcing as 1989. Model experiments were initialised withobserved averaged profiles from the BATS site (NASW) for the period 1988–2012 (http://bats.bios.edu/). Unfortunately, no reference station existsin the ultra-oligotrophic NASE. For this reason model experiments at this sitewere initialised with averaged observed profiles from several cruises carriedout in the NASE province (Marañón et al., 2007, Fernández et al., 2010, 2012,Mouriño-Carballido et al., 2011). Unobserved quantities were calculated fromassumed relations to observed quantities (see Pahlow et al., 2008, for details).In order to analyse the effects of diazotrophy, atmospheric deposition andpreferential P remineralization and their interactions in these regions, sen-sitivity simulations were performed by running the model with and withoutthese organisms/processes present. Model simulations with diazotrophic phy-
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toplankton are labelled with a “D”. In the other simulations these organismsare excluded by setting their initial concentration to zero. Simulations withatmospheric deposition of N and P, labelled with an “A”, were carried out bysupplying a constant flux of inorganic N and P into the surface model boxof 11m thickness. Estimates of present atmospheric N and P fluxes wereobtained from Duce et al. (2008) and Mahowald et al. (2008), respectively. Nand P fluxes are 43 µmolNm−2 d−1 and 0.091 µmolPm−2 d−1 for BATS and12 µmolNm−2 d−1 and 0.18 µmolPm−2 d−1 for NASE. The N:P ratio of thisatmospheric deposition is thus 473 and 67 for NASW and NASE, respectively,both substantially higher than Redfield. For this reason, although both N andP fluxes are included in the simulations, only the N flux is relevant for theresults. Preferential P remineralization (labelled with an “R”) is simulated byincreasing by a factor of two the dissolution rate of detrital P (Letscher andMoore, 2015), and by reducing by the same factor the decline rate of DOPlability relative to that of DON.As diazotrophy, atmospheric deposition and preferential P remineraliza-tion are all affecting the biogeochemical state of the North Atlantic subtropicalgyre, we consider the RDA configuration, including all of these processes, asthe reference simulation for comparison with observations.
4.3 Results
4.3.1 Seasonal variability in hydrographical properties andphytoplankton biomass and production






































































































































































Figure 4.3: Simulated seasonal cycles of Temperature (T, ◦C), dissolved inorganic nitrogen(DIN, mmol N m−3), chlorophyll concentration (CHL, mg m−3), and net primary production(NPP, mmol C m−2 d−1) at NASW (left) and NASE (right) sites for the reference configurationRDA (including preferential remineralization + diazotrophy + atmospheric N and P deposi-tion). White continuous lines indicate the mixed-layer depth computed using a temperaturedifference criteria of ∆T = 0.5 ◦C with respect to the surface. White dashed lines representthe nitracline depth (DIN = 0.5 mmol m−3).
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Table 4.1: Modelled and observed averaged variables for the western (NASW) and east-ern (NASE) subtropical North Atlantic. Model simulations correspond to the referenceRDA (including preferential remineralization + diazotrophy + atmospheric N and P de-position) configuration. Stocks and rates values correspond to depth integrations in thephotic layer. POCP(D) is particulate organic carbon concentration for ordinary phytoplank-ton (diazotrophs), and NPP is net primary production. Mix. is vertical mixing across thethermocline; and Dep., atmospheric deposition). Data for NASW are from the BATS siteunless indicated.
NASW (BATS) NASEModel Observations Model ObservationsChl a (mgm−2) 23.8 ± 5.1 24 ± 2 17.1 ± 3.1 17 ± 1aPOCP (mmolm−2) 241 ± 31 193 ± 28 116 ± 72aPOCD (mmolm−2) 1.7 ± 1.4 3.7 ± 0.59NPP (mmolm−2 d−1) 29.2 ± 6.8 32.8 ± 9.5 20.1 ± 6.9 20.33 ± 3.5aN2 fixation µmolm−2 d−1 29 ± 23 29 ± 16b 49 ± 17 55.6 ± 8.0bDIN flux (µmolm−2 d−1) 242 ± 95 109 ± 70Atmos. N deposition (µmolm−2 d−1) 43 43 12 12Total N supply (µmolm−2 d−1) 314 170DIP flux (µmolm−2 d−1) 11.8 ± 4.5 5.4 ± 3.4N:P supply (Mix.) 20.6 20.1N:P supply(Mix.+Dep.) 24.3 21.7N:P supply (Mix.+Dep.+N2 fix.) 26.7 30.5Photic layer DIN:DIP 11.8 13c / 24d 14.3 4.1 d
aMarañón et al. (2007)bLuo et al. (2012)c(NO3+NO2):SRP, SRP: soluble reactive phosphorusd(NO3+NO2):PO4
forcing in comparison to the western location. Mixed layer depths are shal-lower in winter (∼ 120m) and deeper in summer (∼ 50m). Due to the pres-ence of nutrient-poor North Atlantic subtropical mode water at NASW (Stein-berg et al., 2001), the nitracline is shallower at NASE. However, weaker win-ter mixing at this station prevents significant penetration of the mixed layerbelow the nitracline depth. Although the main seasonal features observedat NASW, such as the winter-spring maximum in phytoplankton biomass andproduction and the formation of a deep chlorophyll maximum during summerstratification, are also observed at NASE, maximal values are lower reflectingthe stronger oligotrophy at the eastern site.Differences in the seasonal variability and values of chlorophyll and pri-mary production at the two sites are in generally good agreement with ob-servations (Steinberg et al., 2001, Neuer et al., 2007, Fernández-Castroet al., 2012) (see Table 4.1). Modelled annual-mean depth-integrated chloro-
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phyll for NASW and NASE (23.8 ± 5.1 and 17.1 ± 3.1 mgm−2, respec-tively) agree well with observations from the BATS program for 1993–2002(24±2 mgm−2) (Mouriño-Carballido and Neuer, 2008) and NASE for March1992 to November 2001 (17± 1 mgm−2, Marañón et al., 2007), respectively.Modelled annual net primary production at NASW (29.2±6.8 mmolm−2 d−1)and NASE (20.1±6.9 mmolm−2 d−1) also agrees with observations at NASW(32.8± 9.5 mmolm−2 d−1, Mouriño-Carballido and Neuer, 2008) and NASE(20.3± 3.5 mmolm−2 d−1, Marañón et al., 2007).
4.3.2 Seasonality variability in N2 fixation and interactionswith atmospheric deposition and preferential reminer-alization of phosphorus
The modelled seasonal cycle of N2 fixation at BATS for the reference modelconfiguration (RDA) shows minimal N2 fixation in spring, increasing duringsummer towards a maximum in October, immediately below the mixed layerdepth, and declining, although not to zero, during the winter mixing period(Figure 4.4). This pattern is in agreement with the marked seasonality de-scribed for the Trichodesmium sp. colony abundance at the BATS site (Orcuttet al., 2001). These authors described that Trichodesmium was most abun-dant at the surface, decreasing rapidly with depth, and during summer andfall. Modeled annual-mean depth-integrated N2 fixation for NASW, for thereference model configuration (29±23 µmolNm−2 d−1), compares well with theaveraged depth-integrated N2 fixation rate calculated within a radius of 10◦around BATS from the Luo et al. (2012) compilation (29±16 µmolNm−2 d−1).The reference simulation at the NASE site predicts the N2 fixation maxi-mum between September and November, also below the mixed layer, at about50 m. However, the model also predicts weak N2 fixation in the mixed layerduring the winter mixing period. The minimum in this case is between Apriland June. Unfortunately, the limited existing observations are insufficient toestablish the seasonality of N2 fixation in this region. Modelled annual-meandepth-integrated N2 fixation rate for NASE (49± 17 µmolm−2 d−1) is higherthan for NASW, and in good agreement with the depth-integrated estimate



































































































































Figure 4.4: Simulated seasonal cycles of N2 fixation (µmolm−2 d−1) for the RDA (prefer-ential remineralization + diazotrophy + atmospheric N and P deposition), RD (preferentialremineralization + diazotrophy) and D (diazotrophy) configurations. White lines indicatethe mixed-layer depth computed using a temperature difference criteria of ∆T = 0.5 ◦C withrespect to the surface.
obtained from the Luo et al. (2012) database (also calculated within a radiusof 10◦ around the reference station for NASE, 55.6± 8.0 µmolNm−2 d−1).The comparison of our model simulations shows that the predicted sea-sonal distribution of diazotrophy is slightly sensitive to preferential reminer-alization of phosphorus and atmospheric deposition of nitrogen and phos-phorus, both for NASW and NASE (Figure 4.4). For the D (diazotrophy)
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configuration, N2 fixation at NASW is minimal in July and increases towardsa maximum in February during the winter mixing period. The increase of N2fixation through summer and autumn is supported by observations, but thewinter maximum is not. The RD (diazotrophy + preferential remineralization)model configuration agrees better with the observations, as N2 fixation peaksin October – November and declines faster after the onset of the winter mixingperiod. As described before, the model is better capable of reproducing theobserved patterns when atmospheric deposition is also included. For NASEall the simulations show a similar pattern. Atmospheric deposition causes adisplacement of the surface maximum below the mixed layer, but fixation stilloccurs at the surface.Figure 4.5 illustrates the roles of atmospheric deposition and preferentialphosphorus remineralization on net primary production (NPP) and diazotro-phy at NASW and NASE. Including diazotrophy (D) at NASW causes anincrease in NPP by about 44% with respect to the control configuration (0).NPP increases even more (by about 100%) when preferential phosphorus rem-ineralization is also included together with diazotrophy (RD), but preferentialremineralization alone (R) has no effect. Further stimulation of NPP due toatmospheric deposition (RDA) is weak. N2 fixation rates are relatively lowfor the D configuration (16 ± 14 µmolNm−2 d−1) but increase by more than300% due to the effect of enhanced phosphorus availability caused by pref-erential phosphorus remineralization (RD). Atmospheric deposition with highN:P ratios causes a dramatic reduction of N2 fixation rates (RDA), by about42 µmolNm−2 d−1, very similar to the amount of deposited nitrogen.Similarly to the patterns described for the NASW simulations, NPP risesby ∼ 71% at NASE due to the inclusion of diazotrophs (D) compared tothe control (0) configuration (Figure 4.5), by 136% when preferential phos-phorus remineralization is also considered (RD), and it is very similar inthe R and 0 configurations. The enhancement of N2 fixation by preferentialphosphorus remineralization is significant also for NASE (156%) but weakercompared to NASW. Inclusion of atmospheric deposition reduces N2 fixationby 6.4 µmolNm−1 d−1, which is about half of the nitrogen deposition flux.
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Figure 4.5: Annual averages of net primary production (NPP) and N2 fixation rates simu-lated for the western (NASW, black bars) and eastern (NASE, red bars) subtropical NorthAtlantic sites. Horizontal lines indicate averaged values for both stations computed from ob-servations and the shadowed areas and error bars represent the standard deviations. Modelconfigurations include: diazotrophy (D), preferential remineralization of phosphorus (R), andatmospheric deposition of N and P from present-day estimates (A). For the control (0) con-figuration none of D, R, or A are included.
4.4 Discussion
4.4.1 The role of oligotrophy and N:P supply ratios in con-trolling diazotrophy
The subtropical North Atlantic has been reported to be an area of moder-ate N2 fixation activity (Luo et al., 2012) and shows a consistent maximumof nitrate (NO−3 ) excess over the Redfield equivalent of phosphate (PO3−4 ) inthe main thermocline (150–900 m). This feature has been attributed to the
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remineralization of N-rich organic matter, partly resulting from diazotrophicactivity. Hence, the tracer N∗ = NO3−−16 PO43− has been used to estimateN2 fixation rates in this region (Gruber and Sarmiento, 1997, Hansell et al.,2004, 2007). This feature can be expected to exert control on diazotrophy byenhancing the N:P supply ratio into the photic layer. In fact, according to thenotion that diazotrophy is ultimately coupled to N loss processes (Deutschet al., 2007), if excess P is an essential requirement for diazotrophy, the oc-currence of N2 fixation in this area cannot be explained without the existenceof an external input of excess P (i.e. lateral transport in the Gulf Stream, seePalter et al., 2011).Models based on optimal phytoplankton growth have successfully repro-duced phytoplankton growth in laboratory cultures (Pahlow and Oschlies,2013) and in the open ocean (Mouriño-Carballido et al., 2012, Arteaga et al.,2014). These models provide a mechanistic description of phytoplankton ele-mental stoichiometry and physiology controlling nutrient uptake and growth,by allocating nutrients and energy such that the growth of the organism ismaximised. These models represent a clear improvement over more tradi-tional models with constant stoichiometry, where nutrient uptake is generallyrepresented by Michaelis-Menten kinetics (Smith et al., 2011). The recently-proposed optimality-based model of phytoplankton growth and diazotrophy(Pahlow et al., 2013), used in this study, offers a new interpretation of the con-trols of diazotrophy in plankton communities. The results from these modelappear consistent with the existence of diazotrophy in environments wherethe N:P supply ratio is higher than the Redfield ratio, and also with thecurrent view of N2 fixation in terrestrial ecosystems (Houlton et al., 2008).The existence of diazotrophy in high N:P supply environments is possiblein the optimality based approach under oligotrophic conditions. This is be-cause, under nutrient starvation, optimality-based diazotrophs can allocatetheir fixed nitrogen to the phosphorus acquisition machinery and successfullycompete for this element. As a consequence, diazotrophy is favoured both byoligotrophy and low N:P supply ratios (See Figure 7 in Pahlow et al., 2013).By using the optimality-based diazotrophy model described by Pahlowet al. (2013) we successfully reproduced seasonal patterns of diazotrophy
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Figure 4.6: Relationship between averaged DIP supply into the photic layer, N:P ratios ofthe nutrient supply (including vertical mixing and atmospheric deposition) and the ratio ofdiazotrophic phytoplankton biomass (POCD) to ordinary phytoplankton biomass (POCP) forthe different model configurations at NASW (circles) and NASE (squares): diazotrophy (D),preferential remineralization of phosphorus (R), and atmospheric deposition of N and P frompresent-day estimates (A).

































Figure 4.7: Relationship between atmospheric N deposition and (A,B) simulated N2 fixationrates and (C,D) the N:P supply ratio for the reference RDA configuration (including dia-zotrophy, preferential remineralization of phosphorus and atmospheric N deposition) at theNASW and NASE sites. Two different N:P supply ratios are considered, one including onlyvertical mixing and atmospheric deposition (◦) and another one also including biological N2fixation (•).
nitrogen, both through transport across the thermocline and atmospheric de-position, diazotrophy plays a more important role at NASE, supplying 29% ofthe newly available nitrogen, whereas it contributes only 10% at NASW. Thisfact highlights the more important role of diazotrophy for new production inthe eastern station. These results agree with the observations of Fernándezet al. (2012), who found a W to E increase in diazotrophy in the subtropicalN Atlantic (see their Fig. 6A).
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4.4.2 Interaction between diazotrophy, preferential P rem-ineralization and atmospheric deposition
Recently, based on the compilation of global measurements of dissolved or-ganic matter concentration, Letscher and Moore (2015) demonstrated thatphosphorus is remineralized faster (1.5–3%) than nitrogen in the ocean, andthat this trend is more pronounced in the North Atlantic basin, where N2fixation is also important (Luo et al., 2012). Previous studies already demon-strated the importance of faster P cycling in this region (Wu et al., 2000), andalso pointed at this mechanism as a possible contributor, together with N2fixation, to the development of the nitrate excess in the thermocline (Monteiroand Follows, 2012). Letscher and Moore (2015) also suggested a close inter-action between diazotrophy and preferential remineralization of phosphorus,as this mechanism could stimulate diazotrophy and primary production. Sen-sitivity simulations carried out with our different model configurations indicatethat faster P recycling can significantly increase N2 fixation and improve thereproduction of its seasonality. Including this process is also essential toachieve a good reproduction of the observed net primary production and N2fixation rates at both sides of the subtropical North Atlantic (Figure 4.5).Preferential remineralization increases phosphorus transport into the photiclayer, resulting in a lower N:P ratio of the supply (Figure 4.6). In our ap-proach, diazotrophy is favoured by oligotrophy and low N:P supply ratios.As oligotrophy is relieved in this case, and the N:P supply ratios across thethermocline are only slightly reduced, preferential P remineralization mustalso act to reduce the N:P of the nutrient supply resulting from remineral-ization processes in the photic zone, enhancing the competitive advantage ofdiazotrophs.In our simulations atmospheric deposition results in an increase of theN:P ratio of the physical nutrient supply (Figure 4.6), and, as a consequence,causes a decrease of N2 fixation rates (Figure 4.5). Again, NASW is more sen-sitive to this flux both because it departs from an already reduced diazotrophyniche in comparison to NASE, and also because atmospheric nitrogen esti-mates are higher for this location. The interaction between N2 fixation and
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atmospheric deposition of high N:P matter is particularly critical as signif-icant increases of nitrogen atmospheric fluxes are predicted for the comingdecades (Duce et al., 2008). We further investigate this interaction at bothsites by simulating scenarios of progressively enhanced N input from the at-mosphere, ranging from 0 to 6 times the present-day estimate of atmosphericdeposition (Figure 4.7). The upper limit might not be realistic in the nearfuture, but human activity might lead to increases by a factor of about 1.5 forlarge areas of the North Atlantic within the next 20 years (Duce et al., 2008).In the absence of preferential P remineralization, the estimated present-daydeposition of N can already supress the niche for diazotrophs at NASW (notshown). All simulations in Figure 4.7 include preferential remineralization ofphosphorus, and even in this case, a deposition of about 80 µmolNm−2 d−1,less than twice the present-day estimate, completely suppresses N2 fixationat NASW. However, for the NASE site, where the present estimate of at-mospheric N deposition is lower, a 6-fold increase in atmospheric deposition(ca. 70 µmolNm−2 d−1) will be needed to supress N2 fixation.Pahlow et al. (2013) describe an emerging feature resulting from a com-munity of competing diazotrophic and non-diazotrophic phytoplankton, con-trolling the ambient DIN:DIP ratios and decoupling them from the supplyratio. Since the optimal ratio of DIN and DIP uptake for non-diazotrophicphytoplankton in this model is much higher than the Redfield ratio, the com-petition drives ambient DIN:DIP ratio towards values lower than Redfield.Thus, despite the high total N:P supply ratios (26.8 and 33.2 for NASW andNASE, respectively), the DIN:DIP ratios in the euphotic zone for our refer-ence simulation are 12 and 13 for NASW and NASE, respectively. Due tolow nutrient concentrations in the subtropical surface oceans, the DIN:DIPratios are difficult to determine accurately enough to confidently confirm thishypothesis. The averaged ratio of nitrate (NO3 + NO2) to phosphate (PO4)calculated with data from the BATS site is 24, very similar to the supplyratio. However, when low-level (nano-molar) P determinations (reported assoluble reactive phosphorus) are considered, this ratio drops to 13, in closeagreement with the model.Our simulations with increasing N deposition, which result in progres-
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sively enhanced N:P ratios of the physical (mixing + deposition) nutrientsupply, indicate that diazotrophy also controls the N:P ratio of the total sup-ply, including physical processes and N2 fixation (Figure 4.7). At NASW thetotal N:P supply ratio is about 27, well above Redfield, except at high Natmospheric deposition when the N:P ratio is higher than this value and di-azotrophy is suppressed. At NASE the total N:P supply ratio is 30 in all thesimulations including diazotrophy, sensibly higher compared to NASW. Thisis likely the result of the most favourable niche for diazotrophs provided by themore oligotrophic conditions at NASE, as indicated by the much lower DINand DIP fluxes (Table 4.1). Despite the more favourable conditions for dia-zotrophy at NASE, an atmospheric deposition flux of about 70 µmolm−2 d−1would be enough to cause (N:P)supply > 30 and suppress N2 fixation. Theatmospheric flux needed to suppress nitrogen is slightly lower compared toNASW due to the weaker phosphorus input. These results suggest that theincrease in atmospheric deposition of nitrogen predicted for the next century(Duce et al., 2008) could potentially have a strong negative effect on marinediazotrophy, possibly counteracting the favourable conditions generated bythe expansion of warm and well stratified areas of the ocean (Polovina et al.,2008).
4.5 Outlook
Atmospheric N2 fixation by marine diazotrophs contributes to the productiv-ity of nutrient-poor subtropical gyres and their capacity for carbon export(Beckmann and Hense, 2009). Due to the predicted expansion of the olig-otrophic areas of the ocean as a consequence of global warming (Polovinaet al., 2008), this process is likely to play an important role in the evolu-tion of the marine biological carbon pump in the near future. Despite itsimportance, the large scale controls on the distribution of diazotrophy arestill uncertain (Luo et al., 2014). The development of an optimality-based ap-proach to model diazotrophy in oceanic phytoplankton (Pahlow et al., 2013)has challenged the simplistic notion that N2 fixation is favoured by an excessof P in the surface ocean (Deutsch et al., 2007). This view has also been
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difficult to reconcile with observations of significant diazotrophic activity inthe P-depleted tropical and subtropical North Atlantic ocean (Palter et al.,2011). Our optimality-based model predicts that diazotrophy is associatedwith oligotrophy, also in P, as diazotrophic phytoplankton are able to allocatemore nitrogen into the P-acquisition machinery (Houlton et al., 2008). Dia-zotrophs have been suggested to benefit from the ability to utilize dissolvedorganic P (DOP) (Dyhrman et al., 2006), which is not explicitly accounted forin our model. The ability to use DOP is likely linked to the high N avail-ability in diazotrophs (Houlton et al., 2008), and could thus be viewed as anamplification of the competitive ability for P relative to non-diazotrophs andhelp to explain the distribution of N2 fixation in the ocean (Landolfi et al.,2015). Our optimality-based model is able to reproduce the observed levelsof N2 fixation in the western (NASW) and eastern (NASE) North Atlanticsubtropical gyre, characterised by higher than or close to Redfield N:P ra-tios of new nutrient supply. These results demonstrate the advantage of thephysiologically-meaningful optimal growth approach, over more traditionalmechanistic models (Bissett et al., 1999, Hood et al., 2001, Agawin et al.,2007), to predict the importance of diazotrophy in oligotrophic oceans. It isimportant to note that our model was calibrated to reproduce the observed be-haviour of the non-heterocystous colony-forming diazotrophic cyanobacteriumTrichodesmium sp., traditionally considered as the major contributor to N2 fix-ation in the subtropical North Atlantic. However, more recently unicellularfree living and symbiont fixers have been discovered to be widely distributed(Zehr, 2011), broadening the ecological niche of diazotrophy and expandingits geographical domain (Sohm et al., 2011b). More studies about the phys-iological characteristics of these organisms and the main factors controllingtheir distribution are needed in order to include them in ecological modelsand improve our understanding of the role of diazotrophy in the marine andglobal nitrogen cycle .
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Chapter 5
Regional differences in modellednet production and shallowremineralization in the NorthAtlantic subtropical Gyre
Fernández-Castro, B., Anderson, L., Marañón, E., Neuer, S., Ausín, B., Gonzáez-Dávila,M., Santana-Casiano, J. M., Cianca, A., Santana, R., Llinás, O., Rueda, M. J., and Mouriño-Carballido, B. (2012). Regional differences in modelled net production and shallow reminer-alization in the North Atlantic subtropical gyre. Biogeosciences, 9(8):2831–2846. (AppendixB)
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Abstract
We used 5-year concomitant data of tracer distribution from the BATS (BermudaTime-series Study) and ESTOC (European Station for Time-Series in theOcean, Canary Islands) sites to build a 1-D tracer conservation model in-cluding horizontal advection and compute net production and shallow rem-ineralization rates at both sites. Our main goal was to verify if differencesin these rates are consistent with the lower export rates of particulate or-ganic carbon observed at ESTOC. Net production rates computed below themixed layer to 110 m from April to December for oxygen, dissolved inorganiccarbon and nitrate at BATS (1.34 ± 0.79 mol O2 m−2, −1.73 ± 0.52 mol Cm−2 and −125± 36 mmol N m−2) were slightly higher for oxygen and carboncompared to ESTOC (1.03± 0.62 mol O2 m−2, −1.42± 0.30 mol C m−2 and−213± 56 mmol N m−2), although the differences were not statistically sig-nificant. Shallow remineralization rates between 110 and 250 m computed atESTOC (−3.9± 1.0 mol O2 m−2, 1.53± 0.43 mol C m−2 and 38± 155 mmolN m−2) were statistically higher for oxygen compared to BATS (−1.81±0.37mol O2 m−2, 1.52± 0.30 mol C m−2 and 147± 43 mmol N m−2). The lateraladvective flux divergence of tracers, which was more significant at ESTOC,was responsible for the differences in estimated oxygen remineralization ratesbetween both stations. According to these results, the differences in net pro-duction and shallow remineralization cannot fully explain the differences inthe flux of sinking organic matter observed between both stations, suggestingan additional consumption of non-sinking organic matter at ESTOC.
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5.1 Introduction
The ocean is responsible for an annual photosynthetic fixation of ∼50 Pg ofcarbon which represents around half of the global primary production (Fieldet al., 1998). Carbon fixation by marine phytoplankton and its transportto the deep ocean, known as the biological carbon pump, plays a key rolein the ocean-atmosphere CO2 exchange, and hence affects climate on time-scales from decades to thousands of years. The carbon pump efficiency isnot constant and depends on several factors such as the input of nutrientsinto the euphotic layer, the balance between synthesis and remineralizationof organic matter or the planktonic community composition.Subtropical gyres represent the central part of the ocean and are char-acterized by a strong stratification of the water column. This translates intoa weak input of nutrients into the euphotic layer and, as a consequence, lowphytoplankton biomass and productivity. Because of their oligotrophic char-acteristics they have been traditionally considered oceanic deserts. However,from the point of view of carbon export from the euphotic zone, subtropicalgyres were found to be surprisingly productive (Emerson et al., 1997). Thisfact, combined with their vast extension (∼60% of the total ocean surface),results in their contribution of at least 30% of total marine new production(Najjar and Keeling, 2000).The North Atlantic subtropical gyre (NASG) is one of the best studiedopen ocean regions, and in the past decades, it has been a major contributorto the development of our understanding of biogeochemical cycles in subtrop-ical regions. Traditionally subtropical gyres have been considered relativelyconstant ecosystems in time and space. However, the comparative study oftime-series data revealed that spatial heterogeneity is important in under-standing the biogeochemistry of this biome (Neuer et al., 2002a, Mouriño-Carballido and Neuer, 2008). Two time-series stations, BATS (Bermuda At-lantic Time-series Study, 31.7◦N-64.2◦W) and ESTOC (European Station forTime series in the Ocean, Canary Islands, 29.16◦N-15.5◦W), are located atabout the same latitude in the western (NASW) and eastern (NASE) portionsof NASG. The monthly sampling program was initiated in October 1988 at
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BATS and in February 1994 at ESTOC, with the aim of tracking seasonal,inter-annual and inter-decadal changes in several biogeochemical variables(Steinberg et al., 2001, Neuer et al., 2007). Although both stations exhibittypical oligotrophic characteristics, they are characterized by different hydro-graphic dynamics. BATS is located in the recirculation of the Gulf Streamand it is strongly affected by mesoscale activity (Cianca et al., 2007). ES-TOC is entrained by the Canary Current and is indirectly influenced by thecoastal African upwelling, which export nutrients and organic matter towardsthe center of the gyre by means of upwelling filaments and Ekman transport(Pelegrí et al., 2005, Álvarez-Salgado et al., 2007). It is important to note thatupwelling filaments do not influence ESTOC directly (Davenport and Neuer,2002), and this station is considered oligotrophic based on nutrient scarcity,phytoplankton biomass and production rates (Neuer et al., 2007).Although both stations are characterized by similar phytoplankton biomassand primary production rates, annual mean carbon export measured by usingsediment traps at 150, 200 and 300 m is significantly lower at ESTOC, bya factor of 3 − 5, than at BATS (Neuer et al., 2002a, Helmke et al., 2010).Assuming that the euphotic zone is in steady state, higher export productionshould be sustained by larger inputs of nutrients and/or organic matter intothe euphotic zone. It has been proposed that differences in the nutrients in-put could be due to the more intense mesoscale activity observed at BATS(Siegel, 1999, Mouriño, 2003). A comparative study using 10-year BATS andESTOC data combined with satellite altimetry data indicated that the higherphysical forcing dominant at BATS, deeper mixed layers and more intensemesoscale dynamics, is partly compensated by the shallower nutricline ob-served at ESTOC (Cianca et al., 2007). According to these authors, NASEreceives ∼75% of the nutrients avaliable for new production at NASW, al-though this difference is not statistically significant. Another source of newnitrogen that could explain the observed differences in carbon export betweenthe two stations is biological nitrogen fixation. Recent studies indicate thatthis process has a significative contribution to total new nitrogen inputs inoligotrophic waters (Capone et al., 2005, Mouriño-Carballido et al., 2011,Bonnet et al., 2011). Biogeochemical estimates suggest a lower contribution
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of nitrogen fixation at ESTOC compared with BATS (Neuer et al., 2002a).The differences observed between the two stations in export rates of par-ticulate organic carbon could also be a consequence of differences in theremineralization rates of the sinking organic matter. The comparative analy-sis of respiration rates determined from in vitro oxygen evolution experimentsconducted in the NASE and NASW indicated higher oxygen consumptionrates in the eastern part (Mouriño-Carballido and Neuer, 2008). It has beenshown that atmospheric dust deposition can strongly stimulate bacterial res-piration (Pulido-Villena et al., 2008). A recent study demonstrated that themost frequent and intense response of the microbial plankton to atmosphericdust deposition in the Tropical Atlantic is the stimulation of the bacterial ac-tivity rather than phytoplankton primary production (Marañón et al., 2010).This is consistent with the results found at ESTOC, which is strongly in-fluenced by the natural atmospheric deposition of Saharan dust and, wherephytoplanktonic production seems not to be affected by aerosol inputs (Neueret al., 2004).For the first time, concomitant data of tracer distribution from the BATSand ESTOC time-series sites were analysed and used to build up a 1D tracerconservation diagnostic model. The model was used to compute net productionand shallow remineralization rates at both sites. The main goal of this studywas to verify if differences in the synthesis and consumption of organic mattercould explain the lower export rates of particulate organic carbon observedat ESTOC.
5.2 Comparison of the seasonal cycles at BATSand ESTOC
Monthly climatologies were calculated for temperature, salinity, density anomaly(σT ), oxygen, dissolved inorganic carbon (DIC), nitrate (actually nitrate+nitrite)and chlorophyll a, using the BATS and ESTOC data collected for the period1996-2001 (Figure 5.1). The BATS data were obtained from the BATS Website (http://bats.bios.edu). BATS and ESTOC measurements were made
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monthly except during the spring bloom period at BATS (February-April)when biweekly samplings were conducted. Methodologies and results havebeen reported earlier for BATS (Michaels and Knap, 1996, Steinberg et al.,2001) and ESTOC (Neuer et al., 2007). Discrete data were first interpolatedto a grid with the following depths: 5, 10, 20, 40, 60, 80, 100, 110, 120, 140,160, 200 and 250 m. The mean annual cycle was then constructed by aver-aging data from each depth onto a temporal grid of 15 days using a weightedmoving average with a normal weighting factor, fni , and a window of 50 days:
〈Cn〉 = ∑i fni Ci/∑i fnifni = exp [− ( tn−tiσ )2] (5.1)
where C is the averaged variable, t is the time of the year in days (0-365), iis the index of the discrete data point, n is the index for the temporal grid andσ = 35 days is a constant time scale. The mixed layer depth was calculatedas the depth where temperature differs 0.1◦C from the 10 m value.














































































































































































































































Figure 5.1: Seasonal cycles of the vertical distribution of temperature (◦C), salinity (psu),density anomaly σT (kg m−3), chlorophyll a (mg m−3), nitrate + nitrite (mmol m−3), oxygen(mmol m−3), oxygen anomaly (mmol m−3) and dissolved inorganic carbon (DIC) (mmol m−3).Black discontinuous line represents the mixed layer depth. Black thick line represents theisoline of zero oxygen anomaly and the nitracline ([NO3]= 0.5 mmol m−3).
BATS and ESTOC exhibit a similar seasonality in the hydrographic con-ditions characterized by a period of winter mixing from November to Marchfollowed by a period of summer stratification from May to September (Figure5.1). The maximum winter mixing occurs later (mid-March) at BATS comparedto ESTOC (February). The transition between both periods is controlled bythe seasonal cycle of solar irradiation and changes in the wind speed. Sea-
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sonality is more intense at BATS where surface temperature increases froma minimum of ∼20◦C in mid-March to a maximum of ∼28◦C in August. AtESTOC temperature reaches a minimum of 18−19◦C in February and a max-imum of ∼24◦C in September. This maximum appears later than at BATSbecause the intensification of the Trade Winds affects the ESTOC site duringthe summer period. Maxima mixed layers are deeper at BATS (193 ± 26 m)than at ESTOC (146 ± 32 m). Summer stratification is also more intense atBATS, where mixed layers during this period reach ∼20 m. Mixed layers atESTOC extend to a depth of ∼50 m due to the Trade Winds intensificationthat enhances mixing during July-August. The main difference between bothstations in salinity appears during the summer, when mixed layer values arefresher at BATS due to the rain intensification.Chlorophyll concentration is strongly influenced by the physical forcingat both stations. Phytoplankton blooms occur in late winter/spring, after themixed layer extends below the nutricline, with greatest monthly values ofchlorophyll concentration similar for both stations (ca. 0.3 mg m−3). As wa-ter column stratification increases, surface chlorophyll decreases and a deepchlorophyll maximum establishes at ca. 100 m at BATS and ESTOC. Thisbiological activity as well as the physical forcing determine the concentrationof the chemical tracers considered in this study.The oxygen seasonal cycle in the mixed layer at both stations is char-acterized by maximum values during the winter period due to the increasein solubility. The temperature increase during the summer months causes adrop in solubility and hence in surface oxygen concentration. As stratificationincreases during summer, oxygen accumulates below the mixed layer (∼40 mat BATS and ∼60 m at ESTOC). This accumulation is clearly pictured by theoxygen anomaly distribution that represents the excess of oxygen concentra-tion above the solubility equilibrium. The oxygen anomaly distribution showsthat whereas the photic layer (ca. 100 m at both sites, Cianca et al. (2007))at ESTOC is oversaturated during the whole year, at BATS it is undersatu-rated during the winter period. This difference is probably due to the differentintensity in the mixing and ventilation of deep waters that characterizes bothstations. The seasonal variability in the oxygen cycle is also weaker at ES-
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TOC, where the maximum amplitude of the accumulation in oxygen anomalybelow the mixed layer was ∼9 mmol m−3 (from February to August), versus∼17 mmol m−3 (from February to September) at BATS. The oxygen anomalydistribution in the euphotic zone has a mirror-like image below this layer.Oxygen concentration increases during winter-spring as a result of the mix-ing with oxygen-rich surface waters and it is maximum in April-May. Then,during summer stratification oxygen concentration decreases, with the mini-mum values observed in January (BATS) and November (ESTOC) at 200 m.Despite the differences observed in the euphotic zone, the maximum amplitudeof the oxygen signal at 200 m (∼7 mmol m−3) is similar in both stations.DIC concentrations in the mixed layer are greatest in April (BATS) andMarch (ESTOC), due to mixing with deeper waters and, to a lesser extent,to air-sea exchange (Marchal et al., 1996, Gruber et al., 1998, González-Dávila et al., 2003). Surface DIC concentrations decline to minimum values inOctober, this decline is more pronounced at BATS (∼44 mmol m−3) comparedto ESTOC (∼15 mmol m−3). Below the euphotic zone DIC accumulationoccurs in concert with the observed oxygen decline. The DIC accumulation at200 m from April to January (BATS) and from April to October (ESTOC) is 6mmol m−3 and 8.7 mmol m−3, respectively.Nitrate concentration is very low in the euphotic zone at both stations.The nitracline (> 0.5 mmol m−3) is generally shallower at ESTOC (90.3±5.0m) compared to BATS (104 ± 14 m) but with a greater vertical variabilityat the western station. As a consequence of the influence of the nutrientpoor 18◦C Subtropical Mode Water at BATS, nitrate concentration below thenitracline is higher at ESTOC. Below the euphotic zone nitrate accumulatesfrom June to January at BATS and from May to December at ESTOC, theamplitude of the accumulation at 200 m is very similar in both stations (0.7mmol m−3).The seasonal variability of the tracers considered in this study, in agree-ment with previous reports for BATS (Menzel and Ryther, 1959, Jenkins andGoldman, 1985, Marchal et al., 1996) and ESTOC (González-Dávila et al.,2003, Neuer et al., 2007, Santana-Casiano et al., 2007), is consistent withthe fact that synthesis of organic matter occurs in the euphotic layer and that
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this matter is remineralized, at least partially, in the shallow aphotic zonebetween 100-250 m. In order to quantify the contribution of the biologicalprocesses and the physical forcing to the observed seasonal variability of thechemical tracers, a 1-D diagnostic model was implemented.
5.3 Model implementation
5.3.1 Model general description
We adapted the tracer conservation model based on Ono et al. (2001), who es-timated the shallow remineralization at BATS for the period 1992-1998. Thisapproach includes the main physical processes that occur below the mixedlayer when convective winter mixing is not the dominant process. These pro-cesses are vertical diffusion, vertical advection (Ekman transport) and lateraladvection. We used the following tracer conservation equation
∂C∂t = −u∂C∂x − v ∂C∂y − w∂C∂z + K ∂2C∂z2 + JC (5.2)
where C = C (t, z) represents temperature (T ) or the tracer (oxygen, DIC,nitrate) concentration for each depth, z, and time t; u(t, z) and v (t, z) arethe longitudinal and latitudinal geostrophical velocities, respectively; ∂C/∂xand ∂C/∂y are the longitudinal and latitudinal gradients of temperature andtracer concentration; K (t) is the vertical diffusivity and JC (t, z) represents thesources minus sinks term. For temperature JC represents the effect of the solarshortwave radiation that penetrates below the mixed layer depth, whereas foroxygen, DIC and nitrate it represents the net effect of photosynthesis andrespiration, therefore net production and shallow remineralization.The model was executed 23 times for each variable in periods of 15 daysduring the seasonal cycle, with a time step dt = 0.005 days and an uniformvertical grid (dz = 1 m) from the mixed layer depth to 250 m. In each ofthese runs the model was initialized with the profile of the tracer for theinitial time t, C obs(t, z), and produces the modelled profile for the final timet+∆t, Cmodel(t+∆t, z), where ∆t = 15 days. For the biological tracers JC was
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computed diagnostically, as described by Mourino-Carballido and Anderson(2009), so that the output of the model for each run fits the profile for thecorresponding final time. An initial guess for the JC (t, z) term was made as(Cobs(t + ∆t, z)− Cobs(t, z)) /∆t. The model was run forward from time t totime t + ∆t and a mean squared misfit was computed as:
Cost = (∫ 250mMLD (Cobs(t + ∆t, z)− Cmod(t + ∆t, z))2 dz
)1/2 . (5.3)
When the difference of Cost with the previous estimate was less than 0.002mmol m−2 the simulation was ended and the simulation of the next 15 dayperiod was initiated. Otherwise, JC (t, z) was corrected as:
JnewC (t, z) = JC (t, z) + 0.75(Cobs(t + ∆t, z)− Cmod(t + ∆t, z))/∆t, (5.4)
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Figure 5.2: Computed geostrophic horizontal velocities (u, v ) for BATS and ESTOC. Thethick black line represents the null velocity component.
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5.3.2 Model inputs
5.3.2.1 Horizontal advection
Horizontal gradients of temperature, oxygen and nitrate were calculated us-ing the four grid points surrounding BATS and ESTOC at the World OceanAtlas 2009 monthly climatology (WOA09) (Locarnini et al., 2010, Garcia et al.,2010a,b). Longitudinal and latitudinal gradients were computed using aver-aged values for each x and y components. DIC data for the same locationswere obtained from the Global Distribution of Total Inorganic Carbon andTotal Alkalinity Below the Deepest Winter Mixed Layer Depths climatol-ogy (Goyet et al., 2000), which includes lower temporal resolution trimonthlyaveraged data.Horizontal velocities, u and v , were assumed to be geostrophic and com-puted from the monthly temperature and salinity WOA09 data (Locarnini et al.,2010, Antonov et al., 2010) and the thermal wind equations. Water densitywas calculated using the Millero and Poisson (1981) parametrization. Thethermal wind equations were integrated down to 3000 m, which was assumedas the level of no motion following Siegel and Deuser (1997). The calculatedgeostrophic flow for BATS (0.02 − 0.04 m s−1) was directed southwest dur-ing the whole year (see Figure 5.2), consistent with the fact that BATS isinfluenced by the Gulf Stream recirculation (Siegel and Deuser, 1997, Onoet al., 2001). The flow intensity was more variable near ESTOC (0.02− 0.07m s−1), where the current was directed southwest during most of the yearexcept between March and April, when u was eastward, and during the tran-sition from spring to summer (May-July) when v was northward. This patternis consistent with the results described by Neuer et al. (2007) and Pelegríet al. (2005).Due to the implementation imposed to ensure volume conservation (seenext section), lateral transport included a non-geostrophic component. Fur-ther on we will use geostrophic horizontal advection to refer to the geostrophiccomponent of the lateral transport and horizontal advection to refer to the totalcorrected lateral transport.Additionally, model runs where the geostrophic transport term was set to
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(a)
(b)
Figure 5.3: (a) Vertical Ekman velocity (w) at the Ekman depth (wE ) and (b) surface short-wave solar radiation computed for the period 1996-2001 near BATS and ESTOC. The contin-uous lines represent the fit to a single harmonic function, whereas the dotted line correspondto the 95% confidence intervals. Fitting of wE to the harmonic function was not used in themodel.
zero (u = v = 0) were used to determine the influence of the geostrophictransport in the computed biological rates.
5.3.2.2 Vertical advection
Ekman downwelling/upwelling velocity, w , was computed for both stationsfrom the wind stress monthly climatological data included in the InternationalComprehensive Ocean-Atmosphere Data Set, with a spatial resolution of 2◦×2◦ (Leetmaa and Bunker, 1978). The computed Ekman velocity at BATS wasnegative during most of the year and characterized by a clear seasonal cycle(see Figure 5.3a). Downwelling was maximum in February (−96 m yr−1) andminimum in September, when a weak upwelling was computed (10 m yr−1).
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These results are in agreement with the harmonic function used by Musgraveet al. (1988) and Ono et al. (2001) at BATS. The Ekman velocity was lowerat ESTOC where the seasonal cycle was characterized by relatively weakupwelling during the summer (ca. 20 m yr−1) and relatively weak downwellingduring the rest of the year.The Ekman velocity was set to zero at the surface and increased linearlyto the Ekman depth, which was considered as the minimum value of 30 m andthe mixed layer depth, and decreased linearly to zero down to 250 m (Onoet al., 2001). As the depth-dependent w requires horizontal convergence ordivergence for volume conservation, horizontal advection included a correctionterm. This was accomplished numerically by implicitly evaluating w∂C/∂z atthe grid box interfaces.
5.3.2.3 Shortwave solar radiation
The effect of the solar shortwave radiation that penetrates below the mixedlayer (JC term for the temperature model) was computed as:
JTC (t, z) = 1ρ(t, z)Cp(t, z) ∂I(t, z)∂z , (5.5)
where ρ is the water density computed from temperature and salinity seasonalcycles using the Millero and Poisson (1981) formulation, Cp is the specificheat (Fofonoff and Millard, 1983), and I(t, z) is the shortwave radiation fluxcomputed by using the attenuation model of Paulson and Simpson (1977) forType I water and the surface shortwave radiation values (Figure 5.3b). Thesevalues were obtained by fitting to an harmonic function monthly data for theperiod 1996-2001 obtained from the CORE.2 Global Air-Sea flux datasetclose to both sites. Annual means and amplitudes of the harmonic functionwere 182 ± 5 W m−2 and 87 ± 6 W m−2 at BATS, and 191 ± 5 W m−2 and68± 8 W m−2 at ESTOC, respectively. Surface I was minimum in January forboth stations.
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Figure 5.4: Optimized diffusivity (K ) computed for BATS and ESTOC. Values higher than5 cm2s−1 where set to 5 cm2s−1 on account of numerical limitations in the biological sourceterm calculations.
5.3.3 Temperature model and K optimization
Similar to the approach followed by Musgrave et al. (1988), Ono et al. (2001)and Mourino-Carballido and Anderson (2009) we computed the vertical dif-fusivity (K ) from the optimization of the simulated temperature (T ) seasonalcycle (Figure 5.4). An optimized value of K was obtained every 15 days byminimizing the following function for each run:
Cost(t) = (∫ 250mMLD(t) (Tobs(t, z)− Tmod(t, z))2 dz
)1/2 . (5.6)
The annual mean K was 2.0 ± 1.5 cm2 s−1 for BATS and 1.5 ± 1.6 cm2s−1 for ESTOC. The maximum K at BATS was set to 5 cm2 s−1 on account ofnumerical limitations in the biological source term calculations due to the highvalues computed during the winter mixing. At ESTOC higher K values werecomputed in July and August, possibly related to Trade Wind intensificationduring the summer months.The comparison of the temperature rate of change computed from the ob-
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Figure 5.5: (a) Observed and (b) simulated temperature rate of change, (c) errors in the sim-ulated temperature seasonal cycle, and (d) geostrophic horizontal advection flux divergenceat BATS and ESTOC. The black discontinuous line represents the mixed layer depth and theblack thick line represents the zero rate of change isoline.
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served and simulated seasonal cycles showed a good agreement for both sta-tions (Figure 5.5). The errors in the simulation of the temperature seasonalcycle were computed as:
Err(t, z) = abs(Tmod(t, z)− Tobs(t, z)Tobs(t, z)
) . (5.7)
Model errors were related to a deficient parametrization of the constant ver-tical diffusivity especially during strong mixing events. Higher errors werecomputed during the periods of strong winter mixing for both stations, justbelow the mixed layer in June-July (BATS) and August-September (ESTOC),and between 100 and 250 m in September at BATS and June-September atESTOC. Ono et al. (2001) used a single K optimized for the whole year,however we observed that optimizing K for each 15-day period reduced thetotal integrated error in the simulation of the temperature seasonal cycle by13% at BATS and 20% at ESTOC (data not shown). Figure 5.5d shows thecontribution of the geostrophic horizontal advection to the temperature rateof change. This contribution was more important at ESTOC, where an inputof warmer water was computed in June-July and colder water in September.
5.3.4 Integrated budgets and errors estimation
Net production rates below the mixed layer were computed by integratingthe biological source term (JC ) from this depth to the estimated compensationdepth. This depth was set to 110 m based on the JC distribution and theexamination of rates sensitivity to this limit (see below). To compute shallowremineralization, JC was integrated from the compensation depth down to 250m. Both rates were integrated between April and December in order to avoidthe period of intense and intermittent winter mixing, which is not accuratelysimulated by the model. The physical model terms were also integrated for thesame period and depth intervals to evaluate their contribution to the changein the tracer inventories.Uncertainties associated with the integrated budgets were estimated byusing Monte Carlo simulations. A high number (N > 100) of model runs for
134 Regional differences in NP and shallow remineralization
BATS ESTOC









































J F M A M J J A S O N D





J F M A M J J A S O N D


































J F M A M J J A S O N D





J F M A M J J A S O N D
















J F M A M J J A S O N D


















J F M A M J J A S O N D
Figure 5.6: Biological source term (JC ) and geostrophic horizontal advection flux divergencecomputed for oxygen, DIC and nitrate at BATS and ESTOC. The discontinuous line representsthe mixed-layer depth and the black thick line the zero isoline. Isoline separations are 0.1mmol O2 m−2 d−1, 0.1 mmol C m−2 d−1 and 0.01 mmol N m−2 d−1, for oxygen, DIC andnitrate, respectively.
all the tracers (including temperature for K optimization) were performed witheach element of the model inputs being randomly generated from a Gaussiandistribution. The standard deviation of the Gaussian distribution was takenfrom the estimated error of the model inputs. The weighted standard errorwas used for the seasonal cycles of temperature and the chemical tracers, thestandard error provided by the WOA09 data base was used for the variablesobtained from this climatology, a 75% error was assigned to the DIC lateralgradients consistent with the magnitude of computed errors for the lateralgradients of oxygen and nitrate, for the Ekman velocity (w) the error consid-ered was 25% according to Ono et al. (2001). The uncertainties associatedwith the integrated budgets were the standard deviation of the values of theintegrated budgets produced by each model realization.
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5.4 Results and discussion
5.4.1 Distribution of biological sources and sinks
Figure 5.6 shows the biological source term (JC ) computed for oxygen, DICand nitrate by using the diagnostic model at BATS and ESTOC and thegeostrophic horizontal flux divergence (i.e. the contribution of the geostrophichorizontal advection to the total rate of tracer change).Despite the signal being noisier, probably due to using a shorter dataset and a time-dependent K optimization, the distribution of JC computed forall the tracers at BATS was in general in agreement with the results re-ported by Ono et al. (2001). The biological oxygen (DIC and nitrate) produc-tion (consumption) computed below the mixed layer was consistent with thesynthesis of organic matter, whereas oxygen (DIC and nitrate) consumption(production) computed in the shallow aphotic zone indicated remineralizationof organic matter. Oxygen production occurred below the mixed layer dur-ing summer stratification with the maximum at ca. 40 m. The compensationdepth (JC = 0) was between 80-100 m. Below the compensation depth, max-imum oxygen consumption was computed at ca. 120 m during late spring andearly summer. The high oxygen consumption computed just below the mixedlayer coincided with large errors in the temperature simulation (see Figure5.5c), and they are probably related to limitations in the diffusivity optimiza-tion. DIC consumption ocurred just below the mixed layer during summerstratification. For this tracer the compensation depth was slightly shallower(ca. 60-80 m), and maximum production was computed at 120 m during thesummer. The distribution of JC for nitrate was very similar to DIC but thecompensation depth was located deeper (ca. 110-115 m). Maximum nitrateconsumption was computed at 80 m during May-June. Maximum productionoccurred at 120 m coinciding with the maximum rates of DIC (oxygen) pro-duction (consumption), and slightly shallower than the maximum described byOno et al. (2001) at 140 m. A second maximum in nitrate remineralizationwas observed at 250 m close to the model border.The distribution of JC at ESTOC was in general very similar to the pat-
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terns described for BATS although a few differences were observed. Theoxygen compensation depth was located deeper at ca. 115 m. Highest ratesof oxygen production were also located deeper (ca. 100 m), coinciding withthe deep chlorophyll maximum. The vertical structure of the spring-summerremineralization was also different compared to BATS, as highest rates in-stead of being located at specific depths occurred through out the whole watercolumn. Another important difference with BATS was observed in September-November when high oxygen (DIC, nitrate) consumption (production) was com-puted through the whole water column. This feature coincided with significantinputs of oxygen and nitrate, and also cold water (Figure 5.5d), through hor-izontal advection. The role of the horizontal transport in the seasonality ofthe synthesis and remineralization of organic matter has been previously re-ported in the Canary region, which is under the influence of the coastal Africanupwelling (Neuer et al., 2002b, Arístegui et al., 2003, Pelegrí et al., 2005,Alonso-González et al., 2009). Upwelling filaments and Ekman transport ex-port particulate and dissolved organic matter from the coastal upwelling tothe open ocean. During this transport organic matter is remineralized, at leastpartially, providing an external source for nutrients (Pelegrí et al., 2005). Ac-cording to these authors the relevance of this process is higher during thefall. These facts indicate that at ESTOC, even though removed from directinfluence of the upwelling zone, allochthonous inputs of organic and inorganicmatter could represent sources and sinks for oxygen, DIC and nutrients thatmust be considered when interpreting our model results.
5.4.2 Net production rates
We set 110 m as the mean compensation depth because it is the approximatedepth of maxima in the integrated net production and remineralization ratesfor nitrate and for oxygen at ESTOC (see Figure 5.7). DIC and oxygen atBATS actually have maxima at 80-90 m, but they all have inflection pointsnear 110 m, and the 110 m integrals are not greatly different (20% lower forDIC at ESTOC and O2 at BATS; 2% lower for DIC at BATS). Net productionrates and all the integrated model terms, including the associated errors
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Figure 5.7: Time and depth-integrated net production rates as a function of the lower limitused for the integration at BATS and ESTOC for oxygen (solid), DIC (dashed) and nitrate(dot-dashed).
computed below the mixed layer to 110 m from April to December for bothstations, are shown in Figure 5.8.Net production rates computed for oxygen (1.34± 0.79 mol O2 m−2), dis-solved inorganic carbon (−1.73 ± 0.52 mol C m−2) and nitrate (−125 ± 36mmol N m−2) at BATS were slightly higher for oxygen and carbon comparedto ESTOC (1.03± 0.62 mol O2 m−2, −1.42± 0.30 mol C m−2 and −213± 56mmol N m−2), although the differences were not statistically significant. Inagreement with previous geochemical estimates (Riser and Johnson, 2008) ourresults indicate that in these regions, at least for the depths (mixed layer baseto 110 m) and time period (April-December) we considered, photosynthesisexceeds remineralization of organic matter.The comparison of the observed changes in the tracer inventories and themodelled net production evidences the relevance of the physical fluxes, as thechange in the tracers, in general, underestimated biological net production.The change in the tracer inventories underestimated oxygen net production
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Figure 5.8: Integrated model terms computed from the mixed layer depth to 110 m, and fromApril to December. NP is net production. Integrated geostrophic horizontal advection termis shown in brackets. The white (black) arrows and boxes represent net gain (lost). Ratesare expresed in mol m−2 for oxygen and DIC and in mmol m−2 for nitrate.
rates by 163% at BATS and 136% at ESTOC. For DIC the underestimation was63% at ESTOC, whereas it was overestimated by 17% at BATS. For nitratethe underestimation was 97% at BATS and 102% at ESTOC. The contributionof diffusion was larger than total advection (horizontal+vertical) for all thetracers at both stations except DIC at BATS.Computed net production rates compared with a summary of previous val-ues reported for BATS and ESTOC are presented in Table 5.1, where differentintegration periods must be interpreted carefully. Gruber et al. (1998) andBrix et al. (2006) estimated that net production at BATS during the spring-summer period represents 60−80% of the total annual net production. Similarresults were obtained at ESTOC by González-Dávila et al. (2003). As the in-tegration interval (April-December) used for our estimates misses part of the
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winter-spring bloom (Brix et al., 2006, González-Dávila et al., 2007, 2010),our rates are probably lower than annual estimates. According to Marchalet al. (1996), net production in the mixed layer in the Sargasso Sea repre-sented 60% of the photic layer net production. Assuming this is true also forESTOC, our rates would represent about 40% of the total net production, i.e.3.4 mol O2 m−2 and −4.3 mol C m−2 at BATS and 2.6 mol O2 m−2 and −3.6mol C m−2 at ESTOC. As nitrate consumption is only observed in the lowerphotic layer, this extrapolation is not suitable for this tracer. Using an oxygentracer model, Musgrave et al. (1988) estimated the rate of net production inthe photic layer at BATS to be 3 − 4 mol O2 m−2 yr−1, very similar to ourestimate (3.4 mol O2 m−2). Our rate for net production of carbon at BATS(1.73−4.3 mol C m−2) is in the range of previous estimates using mixed layermodel approaches (1.8− 4.0 mol C m−2, Marchal et al. (1996), Gruber et al.(1998), Brix et al. (2006)). A compilation of nitrogen inputs carried out in theSargasso Sea including wet and dry deposition, convective, diapycnal andisopycnal mixing, Ekman transport, mesoscale eddies and nitrogen fixationquantified annual production in 0.37−1.39 mol N m−2 yr−1 (Lipschultz et al.,2002). Our estimate for net production of nitrogen at BATS (0.125 ± 0.036mol N m−2), which neglects important sources of nitrogen as nitrogen fixa-tion, convective mixing and mesoscale structures, does not reach the lowerend of this compilation. Our estimate is also lower than the value obtainedby Siegel (1999) (0.48 ± 0.12 mol N m−2 yr−1), who reported a compilationof new nitrogen inputs where nitrogen fixation was not included.González-Dávila et al. (2003), by using a mixed-layer model for ESTOCthat did not include lateral advection, estimated net production of carbon inthe mixed layer between April and October, and the period 1996-2001, tobe 25.5 ± 5.7 mmol C m−3. This value corresponds to a mixed layer netproduction rate of 1.55±0.75 mol C m−2, computed considering the averageddepth of the mixed layer during this period (61± 26 m). Following the sameapproach but using a longer data set (1995-2004), González-Dávila et al.(2007) estimated net production in the mixed layer to be 3.3 ± 0.8 mol Cm−2. Both rates are in close agreement with our estimate (1.42− 3.6 mol Cm−2). Our rate of net production based on nitrate (0.213±0.053 mol N m−2)
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is only slightly lower than the total new nitrogen inputs reported by Ciancaet al. (2007) at ESTOC (0.28± 0.09 mol N m−2 yr−1), who considered eddypumping, convective, diapycnal and isopycnal mixing, and Ekman transport.The -O2:C ratios computed from the net production estimates at BATS(0.77 ± 0.51) and ESTOC (0.72 ± 0.46) are lower than the ratio for NO3-based production (1.4, Gruber (2008)) and closer to the ratio for NH4-basedproduction (1.1). The lower -O2:C ratio at ESTOC could be related to theremineralization peak observed during the fall (September-November), whichwas more intense for oxygen than for DIC, probably due to the larger lateralinputs (see Figure 5.6). When the biological source term at ESTOC wasintegrated between April and September, excluding the remineralization pulseobserved in autumn, the -O2:C ratio (1.30± 0.62) was closer to the standardvalues. Net production rates computed between April and December withthe geostrophic model term set to zero (see section 5.3.2.1) gave a -O2:Cratio of ∼ 1.0, also in better agreement with the canonic values. At BATS,we attributed the low -O2:C ratio to the diffusion simulation that causes astrong oxygen consumption between the mixed-layer depth and 35 m. If thisregion was not included in the integration, oxygen production rate wouldbe increased (2.14 ± 0.37 mol O2 m−2) and DIC production rate lowered(−1.20±0.21 mol C m−2), resulting in higher than Redfield ratio (1.78±0.86).The C:N value at BATS (13.9± 5.8) was higher than the Redfield ratio (6.6)and very similar at ESTOC (6.7± 2.3). However, this is slightly deceiving inthat most of the oxygen production and DIC uptake occurs above 80 m, whilemost of the NO3 uptake occurs between 80-110 m, which is not constantRedfield C:N coupling.
5.4.3 Remineralization rates
All the model terms were integrated between April and December and 110-250 m to obtain shallow remineralization rates (see Figure 5.9). Oxygen(−1.81±0.37 mol O2 m−2) and DIC (1.52±0.30 mol C m−2) remineralizationrates computed for BATS were in good agreement with those reported byOno et al. (2001) (−2.08 ± 0.38 mol O2 m−2 and −1.53 ± 0.35 mol C m−2),
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Figure 5.9: Integrated model terms computed from 110 m down to 250 m, and from Aprilto December. REM is remineralization. Integrated geostrophic horizontal advection termis shown in brackets. White (black) arrows and boxed represent net gain (lost). Rates areexpresed in mol m−2 for oxygen and DIC and in mmol m−2 for nitrate.
whereas nitrate remineralization rate (147 ± 43 mmol N m−2) was twice therate reported by these authors (80±46 mmol N m−2). This mismatch was dueto the differences in the geostrophic lateral advection term (−51±44 mmol Nm−2 versus 39±39 mmol N m−2 reported by Ono et al.) that resulted from theuse of different climatologies. Changes in the tracer inventories also under-estimated shallow remineralization, as they represented 51%, 45% and 21% ofremineralization rates computed for oxygen, DIC and nitrate, respectively.Shallow remineralization rates computed for ESTOC were significantlyhigher than at BATS for oxygen (−3.9 ± 1.0 mol O2 m−2) but showed nosignificant differences for DIC (1.53± 0.43 mol C m−2) and nitrate (38± 155mmol N m−2). The latter was associated with large errors. The change in thetracer inventories underestimated remineralization rates for oxygen and DIC
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as represented 17 and 36% of these rates. However, nitrate remineralizationrate was overestimated (340%) by the change in the inventory.Diffusion was a source for oxygen and a sink for DIC and nitrate in bothstations because oxygen (DIC/nitrate) gradient was negative (positive) down-wards and greater at 110 m than 250 m. Vertical advection was a source forall the tracers at BATS because w was negative at 110 m and zero at 250m, whereas it was a sink at ESTOC because upwelling was dominant duringthe investigation period. Lateral transport (geostrophic horizontal advection)was a source (sink) for oxygen (nitrate/DIC) at BATS and a source (sink) foroxygen and nitrate (DIC) at ESTOC. The divergence of the lateral transport ofoxygen caused the differences in the remineralization rates computed for bothstations, as the 1D model without geostrophic advection resulted in oxygenconsumption rates reduced by 61% at ESTOC (−1.51 ± 0.29 mol O2 m−2)and only by 27% at BATS (−1.31 ± 0.80 mol O2 m−2). The input of nitratethrough lateral advection was also responsible for the low remineralizationrate and the large error computed for nitrate at ESTOC, as the 1D modelcomputed a higher rate and lower associated error (135 ± 23 mmol N m−2).The fact that differences in remineralization rates between both stations wereonly statistically significant for oxygen could be related to the different tem-poral resolution of the databases used to compute the lateral gradients of thetracers. Oxygen and nitrate horizontal gradients were calculated from theWorld Ocean Atlas 2009 monthly climatology, whereas DIC gradients wereobtained from the Global Distribution of Total Inorganic Carbon and TotalAlkalinity Below the Deepest Winter Mixed Later Depths climatology, whichincludes lower temporal resolution tri-monthly averaged data (see section5.3.2.1). Model results show that inconsistencies in remineralization ratesdifferences between the tracers decreased if oxygen and nitrate variabilitywas reduced through smoothing (data not shown). Large errors associated tonitrate remineralization were probably due to the lower number of observa-tions used to compute the nitrate, compared to oxygen, climatology.Remineralization rates computed at BATS were comparable with previ-ous estimates reported in the region (see Table 5.2). Jenkins and Goldman(1985) calculated the shallow (100-250 m) oxygen consumption rate between













































































5.4. Results and discussion 145
April and November at station S in the Sargasso Sea to be 3 mol O2 m−2.Sarmiento and Thiele (1990) summarized remineralization rates determinedfrom a variety of tracer based techniques in the Sargasso Sea to be 0.6−3.3mol O2 m−2 yr−1. Carlson et al. (1994) estimated the remineralization of dis-solved organic matter from spring to fall as 0.99−1.21 mol C m−2, lower thanour estimate as it did not include the particulate organic fraction.To our knowledge, geochemical estimates of shallow remineralization basedon tracer distributions have not been conducted at ESTOC so far. Alonso-González et al. (2009) used a box model approach to calculate the lateraltransport and consumption of suspended particulate organic matter (POC) inthe Canary Current region. They found that lateral POC fluxes, which wereup to 3 orders of magnitude higher than vertical fluxes, accounted for 1.42mmol C m−2 d−1, what represents 28−59% of the total mesopelagic (100-700m) respiration. The total carbon consumption estimated for mesopelagic wa-ters in the fall was 2.4−5.1 mmol C m−2 d−1, slightly lower than our estimate(6.7 ± 1.9 mmol C m−2 d−1) and one order of magnitude lower than respi-ration rates obtained during the summer by using combined in vitro oxygenconsumption and enzymatic activity techniques (68 mmol C m−2 d−1) in thesubtropical Northeast Atlantic (Arístegui et al., 2005). Alonso-González et al.hypothesized that this mismatch could be due to the different times of the yearwhen the experiments were carried out. However, recent studies indicate thatlong incubations may lead to overestimations of community respiration as aresult of an increase in the activity of heterotrophic bacteria (Marañón et al.,2007, Calvo-Díaz et al., 2011). Due to the differences in integration depths,comparison with these studies must be done carefully.Shallow remineralization rates computed by our model can also be com-pared to particulate organic matter attenuation flux computed from sedimenttraps deployed at BATS and ESTOC. Comparative information for sedimenttraps for both stations corresponds to 150, 200 and 300 m at BATS and 200,300 and 500 m at ESTOC (Helmke et al., 2010). In order to estimate rem-ineralization rates between 110 and 250 m the particle flux at 110 and 250m needs to be inferred. The former was calculated using the Martin’s atten-uation equation (Martin et al., 1987), considering the seasonal b exponents
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calculated by Helmke et al. (2010) (b = 0.6− 1.19) for BATS, and the valuereported by Neuer et al. (2007) (b = 0.81) for ESTOC. The particulate flux at250 m was calculated by linearly interpolating the flux measured at 200 and300 m. Shallow remineralization computed from springtime to fall was 0.38mol C m−2 at BATS and 0.08 mol C m−2 at ESTOC. Both values were lowerthan our estimates, which included the dissolved and particulate organic frac-tions, and represented 25 and 5% of the carbon remineralization computed forBATS and ESTOC, respectively. The sum of the remineralization rates ofparticulate and dissolved organic matter at BATS (1.37 − 1.59 mol C m−2)matches our estimation of carbon remineralization (1.52 ± 0.30 mol C m−2).Unfortunately, no information about the seasonal variability of the dissolvedorganic carbon cycle is available at ESTOC.Our results indicated that lateral transport is significant to the seasonalityof the hydrodynamic conditions and the tracer distribution at ESTOC. Previ-ous studies indicated that higher remineralization in the subtropical North-east Atlantic could be supported by dissolved (Álvarez-Salgado et al., 2007)and slow sinking particulate organic matter (Alonso-González et al., 2009)exported from the high productive African coastal upwelling, and also bydark dissolved inorganic carbon fixation (Baltar et al., 2010). In this respect,Arístegui et al. (2003) estimated that the contribution of dissolved organiccarbon to the mesopelagic oxygen consumption in the Canary Current regionwas about 30%. Alonso-González et al. (2009) indicated that the reported dif-ferences in the carbon export rates between both stations could be, at leastpartially, explained by lower sedimentation rates of the particulate organicmatter in the eastern part of the gyre, as slow-sinking or suspended POC doesnot accumulate in the sediment traps and can be laterally advected (Arísteguiet al., 2009). Although organic matter was not explicitly taken into account inour model, our results support this hypothesis as they show stronger lateraltransport and higher remineralization rates for oxygen at ESTOC, which cannot be sustained by the flux of sinking organic matter.According to our results shallow remineralization represents at BATS54 ± 33% and 51 ± 36% of the net production computed in the photic zonefor oxygen and DIC, respectively, whereas at ESTOC it represents 151±99%
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and 43 ± 15% respectively. The high value for oxygen at ESTOC is relatedto the strong lateral inputs computed in the fall (see oxygen geostrophic hor-izontal advection in Figure 5.6), that also resulted in negative net productioncomputed during these months (see oxygen biological source in Figure 5.6),suggesting that high remineralization rates could partially be sustained bynon-locally produced organic matter.The -O2:C ratio for the shallow remineralization computed at BATS (1.19±0.34) was in good agreement with the Redfield ratio (1.43), whereas at ES-TOC (2.52 ± 0.98) was slightly higher. C:N ratios were in excess of theRedfield ratio at both stations, and were higher at ESTOC (40±162) than atBATS (10.2± 3.6), pointing to the export of carbon enriched organic matter.The C:N ratio reported by Ono et al. (2001) for BATS (19 ± 12) was twiceour estimate, as a consequence of the differences in nitrate remineralizationestimates. The higher C:N ratio computed for ESTOC was consistent withthe carbon rich organic matter observed in the mixed layer (Koeve, 2006) andthe sinking organic matter (Neuer et al., 2007) in the region, and with closeto Redfield ratios observed in the sinking organic matter at BATS (Schnet-zer and Steinberg, 2002). Moreover, ecological models employed to studythe sensitivity of carbon export to atmospheric nitrogen inputs in NASW andNASE showed higher C:N values in the sinking organic matter in NASE(Mouriño-Carballido et al., 2011).
5.5 Conclusions
Subtropical gyres play a crucial role in the global carbon cycle due to thelarge extension they occupy which is expected to get bigger as a consequenceof global warming (Polovina et al., 2008). Understanding the heterogeneityof these biomes is critical to comprehend the role of the oceans in the fu-ture carbon cycle. By using a 1D diagnostic tracer model we investigated ifpotential differences in net production and shallow remineralization are con-sistent with the lower export of particulate organic carbon observed at theeastern (ESTOC) compared to the western side (BATS), of the North AtlanticSubtropical gyre. Our results showed slighly higher net production rates
148 Regional differences in NP and shallow remineralization
computed for oxygen and dissolved inorganic carbon at BATS, although thedifferences were not statistically significant. As our approach does not esti-mate mixed-layer net production, particularly during the winter-spring bloomperiod, we can not discard that it underestimates the differences in net pro-duction between the two stations. Shallow remineralization rate based onoxygen consumption was significantly higher at ESTOC. The comparison ofour estimates with vertical fluxes of POC shows that whereas a significantfraction (25%) of the shallow remineralization is sustained by sinking organicmatter at BATS, this fraction is much lower at ESTOC (5%). The importanceof horizontal processes in the seasonal cycles at ESTOC indicates that oxy-gen consumption at this station could be also supported by allochthonousinputs of organic matter. There is still work to be done to fully understandthe mechanisms behind the regional differences observed in the vertical ex-port of carbon at the North Atlantic subtropical gyre. In the light of this andother studies it seems that crucial information must come from the study ofhorizontal fluxes at ESTOC.
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Chapter 6
Mesopelagic respiration at theESTOC (European Station forTime-Series in the Ocean, 15.5 ◦W,29.1 ◦N) site inferred from a tracerconservation model
149
Abstract
Remineralization of organic matter in the mesopelagic zone (ca. 150–700 m)is a key controlling factor of carbon export to the deep ocean. By using atracer conservation model applied to climatological data of oxygen, dissolvedinorganic carbon (DIC) and nitrate, we computed mesopelagic respiration atthe ESTOC (European Station for Time-Series in the Ocean, Canary Islands)site, located in the Eastern boundary region of the North Atlantic subtropi-cal gyre. The tracer conservation model included vertical Ekman advection,geostrophic horizontal transport and vertical diffusion, and the biological rem-ineralization terms were diagnosed by assuming steady state. Three differentapproaches were used to compute reference velocities used for the calcula-tion of geostrophic velocities and flux divergences: a no-motion level at 3000m, surface geostrophic velocities computed from the averaged absolute dy-namic topography field, and surface velocities optimized from the temperaturemodel. Mesopelagic respiration rates computed from the model were 2.8–8.9molO2m2 y−1, 2.0–3.1mol Cm2 y−1 and 0.6–1.0molNm2 y−1, consistentwith remineralization processes occurring close to the Redfield stoichiometry.Model estimates were in close agreement with respiratory activity, derivedfrom electrons transport system (ETS) measurements collected in the sameregion at the end of the winter bloom period (3.61± 0.48molO2m−2 y−1).According to the ETS estimates, 50% of the respiration in the upper 1000 mtook place below 150 m. Model results showed that oxygen, DIC and nitratebudgets were dominated by lateral advection, pointing to horizontal transportas the main source of organic carbon fuelling the heterotrophic respirationactivity in this region.
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6.1 Introduction
The sunlit surface waters of the ocean are responsible for an annual pho-tosynthetic fixation of ∼50Pg of carbon, which represents about half of theglobal primary production (Field et al., 1998). A fraction of the producedorganic matter, ca. 5–12 Pg (Henson et al., 2011), is exported to deeperlayers of the oceans where it fuels the metabolism of the heterotrophic mi-crobial community. Part of the exported material is remineralized within themesopelagic or ’twilight’ zone (ca. 150 – 700 m), where light penetrates butit is not sufficiently intense to support net photosynthesis. This zone acts asa hub between surface and deeper layers, potentially controlling the exportof carbon to the deep ocean through the strength of recycling processes. Re-cent studies have shown that mesopelagic bacterial communities can be moreactive than previously thought, as they support respiration rates equivalentto those of epipelagic communities (Arístegui et al., 2009, Weinbauer et al.,2013). However, organic carbon supply estimates, accounting for both sink-ing particulate (POC) and dissolved organic carbon (DOC), are consistentlyinsufficient to satisfy the estimated carbon demand of the mesopelagic com-munities (Arístegui et al., 2002, Burd et al., 2010). This imbalance could becompensated by other sources of organic carbon, such as non-sinking or sus-pended POC, that escape capture by sediment traps (Herndl and Reinthaler,2013, Baltar et al., 2010, Alonso-González et al., 2009), and active biologicalflux by zooplankton (Putzeys et al., 2011, Giering et al., 2014). Moreover, thediscrepancy could also be the result of methodological uncertainties in thedetermination of planktonic metabolic rates.Prokaryotic respiration is a crucial term in the mesopelagic carbon bud-get. It is frequently derived from bacterial carbon production estimates andassumed bacterial growth efficiency, or calculated from measurements of en-zymatic ETS (electron transport system) respiratory activity. Respiration es-timates derived from ETS depend on the conversion factor used to transformETS activities into oxygen consumption rates (the R:ETS ratio). Recent stud-ies pointed out that this ratio can vary about one order of magnitude depend-ing on the physiological state of the heterotrophic communities (Arístegui
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et al., 2005, Reinthaler et al., 2006). Respiration rates based on biogeochem-ical approaches, which integrate larger temporal and spatial scales and abroader array of processes, could help to reconcile the different estimates(Burd et al., 2010). Biogeochemical calculations were initially restrictedto certain locations where the age of the water masses can be calculatedwith relative confidence (Jenkins, 1982), or where the seasonality of biogeo-chemical tracers is large enough to infer annual averaged respiration rates(Jenkins and Goldman, 1985, Martz et al., 2008). However, in regions wherehorizontal transport is significant, conservation models can be used to inferrespiration rates despite relatively weak seasonality in tracers concentrations(Fernández-Castro et al., 2012).The ESTOC (European Station for Time-Series in the Ocean, CanaryIslands, 29.16 ◦N,15.5◦W) site is located in the eastern boundary region ofthe North Atlantic subtropical gyre (NASE), and it is indirectly influencedby the coastal African upwelling, which exports nutrients and organic mattertowards the centre of the gyre by filaments and Ekman transport (Neuer et al.,1997, Pelegrí et al., 2005, Álvarez-Salgado et al., 2007). Here we adapt the1D tracer conservation model described in Fernández-Castro et al. (2012)to quantify mesopelagic respiration at the ESTOC site. This estimate iscompared to the averaged respiration derived from ETS measurements carriedout at this location in March 2000, coinciding with the end of the late winterbloom.
6.2 Methods
6.2.1 Model description
A tracer conservation model was applied to temperature, oxygen, dissolvedinorganic carbon (DIC) and nitrate (NO3) data from the ESTOC region inorder to infer mesopelagic (150-700 m) respiration. The model was adaptedfrom Fernández-Castro et al. (2012) and includes the main physical processwhich are relevant below the mixed layer: vertical diffusion, vertial advection(Ekman transport) and horizontal advection. The temporal evolution of a
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tracer profile (C = C (t, z)) –where C , t and z represent temperature or tracerconcentration, time, and, vertical coordinate, respectively– is described by thefollowing equation:
∂C∂t = −u∂C∂x − v ∂C∂y − w∂C∂z + K ∂2C∂z2 + JC (6.1)
where u(z) and v (z) are the longitudinal and latitudinal geostrophic veloc-ities, respectively; ∂C/∂x and ∂C/∂y are the longitudinal and latitudinalgradients of temperature or tracer concentration; K is the vertical diffusivity;w the vertical velocity and JC (z) represents the sources minus sinks term.For temperature JC represents the effect of the solar shortwave radiation thatpenetrates below the mixed layer depth, whereas for oxygen, DIC and NO3it represents the net effect of photosynthesis and respiration computed diag-nosticaly at the end of the simulation. The temperature model was used tooptimise K and the tracer models were used to infer net respiration rates.The vertical domain of the model extended from the base of the mixed layerdown to 1000m, with a vertical resolution of 2m.The model was initialised with annual profiles of temperature and tracers.It was then run for 365 days with a time step of dt = 0.005 days forced withannually-averaged physics (see below). At the end of this period a new tracerprofile was produced. The profile of the biological production–consumptionterm was then inferred from the difference between the initial (observed, obs.)and the final (modelled, mod.) profile under the assumption of steady state:
JC (z) = −Cobs(z)− Cmod(z)365 d (mmolm−3 d−1) (6.2)
Depth-integrated rates between 150 and 700 m are reported in the text inorder to avoid boundary effects when calculating the mesopelagic respiration.Vertical diffusivity (K ) was treated as an unknown constant in our modeland it was computed from the optimization of the temperature (T ) model run.
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The optimal K was estimated by minimizing the following cost function:
Cost = ( 1550m
∫ 700m
150m
( Tobs(z)− Tmod(z)max(Tobs(z))− min(Tobs(z))
)2 dz)1/2 (6.3)
Figure 6.1: Location of the ESTOC site (×). Letters (A, B, C and D) indicate the fourgridpoints from the World Ocean Atlas 2009 and GLODAP databases located closest toESTOC. Background color is the averaged field of absolute dynamic topography (ADT) forthe period 1996-2010 computed from the AVISO dataset. Arrows correspond to geostrophicsurface velocities also derived from AVISO.
Averaged annual temperature, oxygen and NO3 profiles were derived fromthe World Ocean Atlas 2009 (WOA09, Locarnini et al. (2010), Garcia et al.(2010b,a)) and computed as the mean profile of the four grid points nearest tothe ESTOC site (see Figure 6.1). The DIC profile was calculated in a similarway using data from the Global Data Analysis Project (GLODAP) climatology(Key et al., 2004). The standard deviation was used as the error estimate.Monthly solar shortwave radiation for the period 1996-2001 from theCORE.2 Global Air-Sea flux dataset (http://rda.ucar.edu/datasets/ds260.
2/) was used to calculate the annual mean insolation at the ESTOC site(191.1± 4.8Wm−2), by fitting the seasonal cycle to an harmonic function.The effect of the solar shortwave radiation that penetrates below the mixedlayer (JC term for the temperature model) was computed as:
JTC (z) = 1ρ(z)Cp(z) ∂I(z)∂z (6.4)
where ρ is the water density computed from temperature and salinity profiles
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using the Millero and Poisson (1981) formulation, Cp is the specific heat(Fofonoff and Millard, 1983), and I(z) is the shortwave radiation flux computedby using the attenuation model of Paulson and Simpson (1977) for Type Iwater and the surface shortwave radiation value.Ekman downwelling/upwelling velocity, w , was computed from the windstress monthly climatological data included in the International Comprehen-sive Ocean-Atmosphere Data Set (Leetmaa and Bunker, 1978), with a spa-tial resolution of 2◦ × 2◦, and then annually averaged. The ESTOC siteis characterised by a weak downwelling with a mean annual velocity of−3.8± 15.0my−1. The Ekman velocity was set to zero at the surface andincreased linearly to the Ekman depth, considered as 30 m, and decreasedlinearly to zero down to 250 m (Ono et al., 2001). As depth-dependent w re-quires horizontal convergence or divergence for volume conservation, horizon-tal advection included a correction term. This was accomplished numericallyby implicitly evaluating w∂C/∂z at the grid box interfaces.Horizontal gradients of temperature, oxygen and NO3 were calculated us-ing the four grid points surrounding ESTOC from the WOA09 climatology,whereas the GLODAP database was used for DIC. Longitudinal gradientswere computed as the difference between the temperature and tracer concen-tration averages at the B,D and A,C locations for each depth divided by theaveraged distance: (∂C/∂x)(z) = (CB,D(z)−CA,C (z))/dx (see Figure 6.1). Sim-ilarly, latitudinal gradients were calculated as the difference between the av-erages at the A,B and the C,D locations: (∂C/∂y)(z) = (CA,B(z)−CC,D(z))/dy.The standard deviations associated with each average were propagated in or-der to compute gradients uncertainties.Horizontal velocities, u and v , were assumed to be geostrophic and com-puted from the thermal wind equations using the neutral density profilesderived from temperature and salinity WOA09 fields according to Jackett andMcDougall (1997). Standard deviations in the density field were propa-gated in order to evaluate velocity errors. In order to evaluate the uncer-tainty due to the choice of reference level, three different reference veloci-ties were used for the integration of the thermal wind equations. First, no-motion was assumed at 3000m in accord with other studies in the North
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Atlantic (Siegel and Deuser, 1997, Alonso-González et al., 2009). Sec-ond, geostrophic surface currents derived from the averaged field of 15 years(1996-2010) Absolute Dynamic Topography (ADT) data provided by AVISO(http://www.aviso.altimetry.fr) were used as the reference for the in-tegration. As spatial resolution of the AVISO database (1/4◦) is higher com-pared to the WOA09 database (1◦), surface geostrophic velocity vectors wereaveraged inside the model box (A,B,C,D in Figure 6.1). Finally, the optimalsurface reference velocities (us, vs) were also diagnosed from the temperaturemodel by minimizing the cost function in equation 6.3.Deviations from the steady state in the temperature model, i.e. differencesbetween the observed and the modelled temperature profile at the end of thesimulations, can occur due to inaccuracy or oversimplification of the modelledphysical processes. These limitations can possibly affect the determination ofthe biological rates for the different tracers (C ). We evaluate the detectionlimit for the biological rates by rescaling the change in the temperature profiledue to unaccounted physical processes as:
JDet. Lim.C (z) = 1365 d |Tobs(z)− Tmod(z)|max(Tobs(z))− min(Tobs(z)) × (max(Cobs(z))−min(Cobs(z)))(6.5)
Tracer concentration changes lower than JDet. Lim.C are likely due to modelinaccuracy and can not be attributed to biological uptake or production.Furthermore, in order to determine the standard deviation of the modelterms and depth-integrated rates, 2000 Monte Carlo simulations were per-formed for each model run with model variables randomly generated by as-suming normal distributions. For the tracers, tracers gradient and velocityprofiles, and other variables obtained from databases (solar radiation, w), thecalculated standard deviation was used to generate random inputs. For theoptimised K and surface velocities (us, vs), uncertainties corresponding to 50%and 0.2 cm s−1 were assumed, respectively.
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6.2.2 Electron transport system respiratory activity
Water samples for the determination of ETS respiratory activity were col-lected at 15 depths, from the surface down to 1000 m, during 9 samplingsconducted between 12th and 23th March 2000. Depending on depth, 5 to20 l of seawater were pre-filtered through a 200 µm mesh and poured intoacid-cleaned plastic carboys, before being filtered through 47mm WhatmanGF/F filters, at a low vacuum pressure (< 1/3 atm). The filters were immedi-ately stored in liquid nitrogen until assayed in the laboratory (within a fewweeks). ETS determinations were carried out according to the Kenner andAhmed (1975) modification of the tetrazolium reduction technique proposedby Packard (1971) as described in Arístegui and Montero (1995). An incuba-tion time of 15 min at 18 ◦C was used. ETS activities measured at 18 ◦C wereconverted to respiratory activities at in situ temperatures by using the Arrhe-nius equation. A mean activation energy of 16 kcal mol−1 was used (Arísteguiand Montero, 1995).
6.3 Results
6.3.1 Implementation of the tracer conservation model
Figure 6.2 and Table 6.1 show the geostrophic velocities and flux divergencefor temperature, oxygen, DIC and NO3 computed by using three different ref-erence velocities: a no-motion level at 3000 m, surface geostrophic velocitiescomputed from the averaged ADT field, and surface velocities optimized fromthe temperature model (see Methods). The results obtained by using thethree different approaches are described in the following sections.
6.3.1.1 No-motion level at 3000 m
The geostrophic flow calculated by integrating the thermal wind equationsconsidering a no-motion level at 3000 m was directed southwards from thesurface (vs = −2.67 ± 0.37 cm s−1, Table 6.1) down to 1000 m (Figure 6.2).The longitudinal component was insignificant at the surface (us = 0.03±0.52









































Figure 6.2: Vertical profiles of (A) geostrophic velocities, geostrophic flux divergence of (B)heat, (C) dissolved oxygen, (D) dissolved inorganic carbon, and (E) nitrate. Three differentreference velocities were used for the integration of the thermal wind equations: no-motionlevel at 3000 m (blue), surface geostrophic velocities computed from the averaged absolutedynamic topography field (ADT) (red), and surface velocities optimized from the temperaturemodel (green). The longitudinal (eastward), latitudinal (northward) and net components arerepresented by the dashed, dotted, and solid lines, respectively.
Table 6.1: Geostrophic transports computed by using three different reference velocities:no-motion level at 3000 m, surface geostrophic velocities computed from the averaged fieldof absolute dynamic topography (ADT), and optimal surface velocities diagnosed from thetemperature model. us and vs are the eastward and northward surface velocities, respectively.Depth-integrated (150–700 m) longitudinal, latitudinal and net geostrophic flux divergencesare shown for temperature (T), oxygen (O2), dissolved inorganic carbon (DIC) and nitrate(NO3).
Geostrophic velocity reference3000 m ADT Optimizedus, cm s−1 0.03± 0.52 1.11± 0.66 0.40± 0.20vs, cm s−1 −2.67± 0.37 −2.39± 0.78 −2.40± 0.20T Long. Flux. Div. −259± 49 209± 56 −98± 43Lat. Flux. Div. 56± 44 24± 37 25± 37◦Cmy−1 Net Flux. Div. −203± 66 233± 67 −73± 57O2 Long. Flux. Div. −4.78± 2.08 4.80± 2.31 −1.50± 1.08Lat. Flux. Div. 6.75± 2.39 3.91± 1.60 4.06± 1.63molm−2 y−1 Net Flux. Div. 1.97± 3.17 8.71± 2.81 2.56± 1.96DIC Long. Flux. Div. 1.65± 0.79 −1.28± 1.04 0.65± 0.38Lat. Flux. Div. −2.87± 0.92 −1.64± 0.62 −1.70± 0.64molm−2 y−1 Net Flux. Div. −1.22± 1.21 −2.92± 1.22 −1.06± 0.74NO3 Long. Flux. Div. 0.63± 0.34 −0.54± 0.43 0.23± 0.16Lat. Flux. Div. −0.98± 0.38 −0.50± 0.25 −0.53± 0.25molm−2 y−1 Net Flux. Div. −0.35± 0.52 −1.04± 0.49 −0.30± 0.30
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cm s−1) and directed westward at greater depths. The temperature flux di-vergence indicated a net cooling of the water column by advection. The lon-gitudinal component of the temperature flux divergence (−u∂T∂x ) was negativethroughout the water column, whereas the latitudinal component (−v ∂T∂y ) wasnegative in the upper 200 m and close to zero at greater depths. Both compo-nents contributed to the depth-integrated (150–700 m) net cooling, which was−203±66 ◦Cmy−1 (Table 6.1). The latitudinal oxygen flow divergence showedpositive values (convergence) from the surface down to 800 m, whereas thelongitudinal component was negative throughout the water column, resultingin a net oxygen gain of 1.97±3.17 molO2m−2 y−1. The opposite pattern wasobserved for DIC and NO3, resulting in a net loss of both tracers (−1.22±1.21mol Cm−2 y−1 and −0.35 ± 0.52 molNm−2 y−1). However, differences in thevertical distribution of the flow divergences were observed. Whereas DIC losswas maximum at the surface and decreased with depth (similar to the oxygengain), NO3 divergence was negative, mainly between 200 and 800 m.The tracer conservation model was first run for temperature in order todiagnose vertical diffusivity (K ). The computed optimal value was 3.9 cm2 s−1(Table 6.2), 5-10 fold higher compared to diffusivity values obtained in thearea by tracer release experiments (Schmitt et al., 2005) and microstructureobservations (Fernández-Castro et al., 2014). There was a good agreementbetween the observed and the modelled temperature profiles (Figure 6.3), thecost function being 1.8% (see Methods). The advective (horizontal + vertical)and diffusive terms dominated the temperature budget, and the optimization ofK maximises diffusivity because the cooling caused by geostrophic advectiondivergence was compensated by diffusion in order to minimise the net changeat the end of the simulation.The oxygen model showed an accumulation of oxygen from the initial tothe final profile. In order to maintain the steady state, this accumulation wascompensated by biological uptake. The JO2 term showed net oxygen consump-tion from 100 m down to 1000 m, as the result of positive advection divergencedown to 600 m, and the positive diffusion divergence below this depth. TheDIC and NO3 simulations resulted in losses of both tracers. This was mainlydriven by advection in the upper 600 m and by diffusion below, and it was
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Figure 6.3: Vertical profiles of model results computed by using as reference the no-motionlevel at 3000 m. Upper panels correspond to initial (solid line, observed) and final (dashedline, modelled) profiles of temperature (T), oxygen (O2), dissolved inorganic carbon (DIC) andnitrate (NO3). Lower panels are total advection flux divergence (Adv., solid line), diffusiveflux divergence (Diff., dashed line), solar heating (Heat, dotted–dashed) and the net photo-synthesis minus respiration term (JC , thick black line) for O2, DIC and NO3. For temperaturethe thick black line represents the net (Total) rate of change. The 25% and 75% percentiles ofthe biological rate diagnosed from the Monte Carlo simulations are delimited by the shadedarea.
balanced by respiration processes. The respiration signal was also verticallydecoupled for both tracers, as NO3 respiration maximum was located deeperdue to differences in the advective flux divergence. Depth-integrated res-piration rates were −2.72 ± 3.90 molO2m−2 y−1, 2.46 ± 1.62 mol Cm−2 y−1and 0.54 ± 0.64molNm−2 y−1 for oxygen, DIC and NO3, respectively (Table6.2). Despite the high uncertainty associated to these figures, the computedrates were about 5-10 fold higher than the detection limit computed from thetemperature model runs (see Methods and Table 6.2). The respiration stoi-chiometry ratios were O2:C = 1.1±1.7, O2:N = 5.0±9.4 and C:N = 4.6±6.2,consistent with respiration rates close to Redfield proportions (O2:C = 1.4,O2:N =9.2, C:N = 6.6). For this model configuration, the geostrophic hor-
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Table 6.2: Depth-integrated (150–700 m) model terms computed from the model runs us-ing three different reference levels: no-motion level at 3000 m, surface geostrophic velocitiescomputed from the averaged field of absolute dynamic topography (ADT), and optimal surfacevelocities diagnosed from the temperature model. Optimal diffusivity (Kop), horizontal advec-tion (H. adv), vertical advection (V. adv), vertical diffusion (V. diff.), solar heating (Heat) andbiological remineralization (Remin.) terms are shown. The model cost for the temperaturemodel and the detection limit for the respiration rates are also shown (see Methods).
Geostrophic velocity reference3000 m ADT OptimizedKop cm2 s−1 3.9 0.4 1.0H. adv −237± 206 198± 183 −52± 299T V. adv 31± 119 31± 121 31± 119◦Cmy−1 V. diff. 179± 115 15± 20 42± 32Heat 0.37± 0.01 0.37± 0.01 0.37± 0.01Cost 1.8% 3.0% 1.6%H. adv 1.56± 4.56 8.42± 4.30 3.80± 7.41V. adv 0.41± 1.59 0.42± 1.62 0.41± 1.60O2 V. diff. 0.75± 0.84 0.02± 0.26 0.18± 0.45mmolm−2 y−1 Remin. −2.72± 3.90 −8.86± 3.93 −4.39± 7.02Det.Lim. 0.38 0.61 0.35H. adv −5.08± 15.50 −6.86± 15.54 −5.56± 15.68V. adv 3.89± 15.34 3.89± 15.35 3.89± 15.35DIC V. diff. −1.27± 0.78 −0.12± 0.13 −0.33± 0.21mmolm−2 y−1 Remin. 2.46± 1.62 3.09± 1.63 2.00± 2.63Det.Lim. 0.43 1.01 0.40H. adv −0.35± 0.69 −1.03± 0.70 −0.50± 1.07V. adv 0.01± 0.03 0.00± 0.02 0.01± 0.03NO3 V. diff. −0.20± 0.18 −0.04± 0.06 −0.07± 0.09mmolm−2 y−1 Remin. 0.54± 0.64 1.07± 0.68 0.57± 1.05Det.Lim. 0.09 0.22 0.08
izontal transport dominated the tracer budgets, being responsible for 72%,49% and 65% of the respiration rate diagnosed for oxygen, DIC and NO3,respectively. Note that the horizontal advection term in Table 6.2 does notcorrespond directly to geostrophic advection, as it includes any divergencerequired to ensure mass conservation (see Methods). Vertical diffusion ac-counted for 27%, 52% and 37%, respectively, whereas the contribution of theEkman transport (vertical advection) was very low.
6.3.1.2 Surface velocities derived from absolute dynamic topography
The surface geostrophic flow calculated from the averaged ADT field had asimilar southwards component (vs = −2.39 ± 0.78 cm s−1) compared to thatobtained from the reference no-motion level at 3000 m (Table 6.1). How-
162 Mesopelagic respiration at ESTOC





















































Figure 6.4: Vertical profiles of model results computed by using reference surface velocitiesderived from the averaged field of absolute dynamic topography (ADT). Upper panels corre-spond to initial (solid line, observed) and final (dashed line, modelled) profiles of temperature(T), oxygen (O2), dissolved inorganic carbon (DIC) and nitrate (NO3). Lower panels are totaladvection flux divergence (Adv., solid line), diffusive flux divergence (Diff., dashed line), solarheating (Heat, dotted–dashed) and the net photosynthesis minus respiration term (JC , thickblack line) for O2, DIC and NO3. For temperature the thick black line represents the net(Total) rate of change. The 25% and 75% percentiles of the biological rate diagnosed fromthe Monte Carlo simulations are delimited by the shaded area.
ever, in this case a significant eastward component (us = 1.11± 0.66 cm s−1)was also computed. The eastward flow was caused by the contribution ofvelocity vectors computed in the northern part of the model box (see Fig-ure 6.1). The geostrophic flow was also directed southeastwards at deeperlevels (Figure 6.2), resulting in positive temperature flux divergence (net heat-ing, 233± 67 ◦Cmy−1), mainly driven by the longitudinal component. Con-trary to the previous approach, oxygen convergence and DIC and NO3 diver-gences were enhanced by the eastward component, which resulted in higherdepth-integrated respiration rates (8.71 ± 2.81 molO2m2 y−1, −2.92 ± 1.22mol Cm2 y−1 and −1.04± 0.49molNm2 y−1). The optimal K value diagnosedfrom the temperature model was 0.4 cm 2s−1 (Table 6.2), in better agreement
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with the observations. However, the temperature model cost function was3.0%, slightly higher than in the previous configuration. The temperatureand oxygen (DIC and NO3) profiles showed accumulation (loss) at the end ofthe simulations (Figure 6.4). Due to the lower diffusivity, advection was themost important driver for these patterns. Depth-integrated respiration rateswere −8.86±3.93 molO2m−2 y−1, 3.09±1.63 mol Cm−2 y−1 and 1.07±0.68molNm−2 y−1. These values were higher compared to the previous approach,although the model uncertainty was also larger as illustrated by the higherdetection limits (Table 6.2). The respiration stoichiometry ratios were O2:C= 2.9± 2.0, O2:N = 8.3± 6.4 and C:N = 2.9± 2.4. In this case the relativecontribution of the geostrophic transport to the diagnosed respiration rateswas more important, reaching > 95% for all the tracers. Together, verticaldiffusion and advection, represented < 5% of the tracers budget.
6.3.1.3 Surface velocities optimised from the temperature model
Due to the sensitivity of our model to the geostrophic transport and, in turn,to the used reference velocities, we performed a triple optimization process fordiffusivity (K ) and surface reference velocities (us, vs). During this process, thetemperature model cost function was evaluated for a set of plausible K , us andvs values (Figure 6.5). The diagnosed optimal parameters were K = 1 cm2 s−1,us = 0.4 cm s−1 and vs = −2.4 cm s−1. Optimal diffusivity values lower than1 cm2 s−1, in good agreement with the observations, were only possible foreastward (positive) velocities lower than the value of us = 1.11 cm s−1 com-puted from the ADT field. Lower cost values were also computed for closeto zero or negative us, but in this case optimal diffusivity was unrealisticallyhigh, and therefore these possibilities were discarded.The latitudinal component of the geostrophic transport was also south-wards in the upper 600 m, due to similar surface values in comparison tothe previous approaches (Figure 6.2). The longitudinal component was west-wards, except at the surface and below 700 m, and velocity values werelower compared to the previous approaches. The net heat flux divergencewas negative through the water column, and the depth-integrated net change(−73± 57 ◦Cmy−1) was smaller compared to the first approach (no-motion
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Figure 6.5: Temperature costs function (%) evaluated for a range of vertical diffusivity (K ) andreference surface velocities used for the geostrophic transport calculation (us, vs). The 2 and◦ represent the surface geostrophic velocities calculated from the thermal wind equations byusing as reference the no-motion level at 3000 m, and the averaged field of absolute dynamictopography (ADT), respectively (see Table 6.1). The white × indicates the optimal valueschosen for K , us and vs. K values higher than 1 cm2 s−1 were considered unrealistic.
level at 3000 m). The net flux divergences for oxygen, DIC and NO3 showeda similar pattern compared to the first approach, because in this case bothlongitudinal and latitudinal flux divergences were reduced.Despite the lower diffusivity, initial and final temperature profiles werein close agreement in this simulation, with a computed cost of 1.6% (Figure6.6 and Table 6.2). Temperature changes due to horizontal advection weresmaller compared to the other two approaches, because the optimization pro-cess reduced the heat advection flux divergence, instead of maximising thecompensatory diffusion. This was mainly accomplished by the optimization ofthe longitudinal component of the flow, which was mainly responsible for the
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Figure 6.6: Vertical profiles of model results computed by using reference surface velocitiesdiagnosed from the temperature model. Upper panels correspond to initial (solid line, ob-served) and final (dashed line, modelled) profiles of temperature (T), oxygen (O2), dissolvedinorganic carbon (DIC) and nitrate (NO3). Lower panels are total advection flux divergence(Adv., solid line), diffusive flux divergence (Diff., dashed line), solar heating (Heat, dotted–dashed) and the net photosynthesis minus respiration term (JC , thick black line) for O2, DICand NO3. For temperature the thick black line represents the net (Total) rate of change. The25% and 75% percentiles of the biological rate diagnosed from the Monte Carlo simulationsare delimited by the shaded area.
heat divergence. The model results for oxygen, DIC and NO3 were very sim-ilar to those from the first approach, although small differences were noticedin the vertical distribution of the biological term, due to the different inter-play of diffusive and advective processes. Depth-integrated respiration rateswere −4.39±7.02 molO2m−2 y−1, 2.00±2.63 mol Cm−2 y−1 and 0.57±1.05molNm−2 y−1, very similar to the first approach, whereas the stoichiometricratios were O2:C = 2.2 ± 4.5, O2:N = 7.7 ± 18.8 and C:N = 3.5. In thiscase, the geostrophic transport flux divergence represented 50 − 60% of thecomputed respiration.Due to the good agreement between the results derived from this approachand the no-motion level at 3000 m, the realistic optimized K value, and the


















Figure 6.7: Vertical distribution of averaged respiration rates estimated from the tracer con-servation model and from enzymatic electron transport system (ETS) measurements carriedout at the ESTOC site. Error bars correspond to standard deviations. Blue, red and greenthick lines represent the biological terms for oxygen (O2), dissolved inorganic carbon (DIC)and nitrate (NO3) computed from the tracer conservation model for the optimal K , us and vsconfiguration. The JDIC term was converted to oxygen units assuming Redfield stoichiome-try. The 25% and 75% percentiles of the biological terms diagnosed from the Monte Carlosimulations are delimited by the shaded areas.
lower detection limits, we decided to use the mesopelagic respiration ratescomputed with this configuration for comparison with estimates derived fromETS observations.
6.3.2 Mesopelagic respiration derived from ETS respiratoryactivity
The vertical distribution of averaged respiration rates derived from ETS mea-surements carried out at the ESTOC site from 12th to 23th March 2000 isshown in Figure 6.7. ETS respiration rates took the highest values above 100
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m (ca. 0.1mmolO2m−3 d−1) and progressively decreased down to 200 m (ca.0.05 mmol O2 m−3 d−1). Below this depth, respiration rates showed small ver-tical variability ranging between 0.007 and 0.016mmolO2m−3 d−1. The aver-aged depth-integrated (20–1000m) respiration rate was 8.57± 0.76molO2m−2 y−1(23.5± 2.1mmolO2m−2 d−1), 50% of the total rate (4.50± 0.52molO2m−2 y−1)occurring between 150 and 1000 m.The vertical distribution of ETS mesopelagic respiration was in closeagreeement with the biological terms derived for oxygen and DIC from thetracer conservation model, especially between 150 and 700 m. Modelledrespiration for NO3, subjected to larger uncertainty, showed a deeper maxi-mum at around 400 m. Note that the upper limit for the model configurationwas the mixed layer depth, and the region above 150 m is likely affected byboundary effects, because the concentration is forced to climatological val-ues in the boundary and air-sea gas exchange is not considered. Depth-integrated (150–700 m) ETS respiration was 3.61 ± 0.48 molO2m−2 y−1(2.56 ± 0.34mol Cm−2 y−1 and 0.388 ± 0.052 molNm−2 y−1, using Redfieldstoichiometry for the conversion), in close agreement with model estimates foroxygen (2.8–8.9 molO2m2 y−1) and DIC (2.0–3.1 mol Cm2 y−1), and slightlylower for NO3 (0.56–1.07molNm−2 y−1) (Table 6.2).
6.4 Discussion
6.4.1 Comparison of mesopelagic respiration inferred fromthe tracer conservation model and ETS measurements
Respiration estimates derived from the tracer conservation model and ETSmeasurements account for distinct processes occurring at different tempo-ral and spatial scales. ETS measurements were carried out near the ES-TOC site during the late winter bloom, which constitutes the most pro-ductive season in the region (Neuer et al., 2007), whereas the tracer con-servation model integrates larger temporal and spatial scales implicit inthe climatologies. Furthermore, whereas ETS measurements account forthe potential respiration of the < 200 µm size-fraction microbial plankton
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(see Methods), the model quantifies total respiration processes relevant onannual time-scales. The comparison of the ETS measurements reportedhere with ETS respiration of the larger size-fraction (> 200 µm), quanti-fied for the same cruise, (0.52± 0.15molO2m−2 y−1, Putzeys et al., 2011),indicates that the smaller size organisms dominate (≈ 87%) mesopelagic res-piration. Despite the mentioned limitations, mesopelagic respiration ratesderived from the tracer conservation model for oxygen, DIC and NO3 were inclose agreement with averaged respiration derived from ETS measurementscarried out in the same region in March 2000 (3.61± 0.48molO2m−2 y−1,or 4.13± 0.50molO2m−2 y−1 both size-fractions included), when a R:ETS =0.086, representative for low bacterial activity, (Packard et al., 1988) wasused.A previous estimate of global respiration in the dark ocean (below 200m depth) (5mol Cm−2 y−1, Arístegui, 2003), derived by up-scaling ETS mea-surements using the same R:ETS ratio, was also in good agreement withseveral estimates based on geochemical tracers (Jenkins, 1982, Jenkins andWallace, 1992, Carlson et al., 1994). However, an R:ETS ratio of 0.68± 0.11was inferred from the comparison of oxygen consumption estimates and ETSmeasurements carried out in the mesopelagic south of the Canary Islands,leading to an estimate of mesopelagic respiration of 68± 8mmol Cm−2 d−1(24.8± 2.9mol Cm−2 y−1) (Arístegui et al., 2005), one order of magnitudehigher than the values reported here. The region south of the Canary Is-lands is generally more productive (Arístegui et al., 1997), compared to thenorthern region, due to the nearby upwelling system and also to the intensemesoscale activity generated downstream of the islands (Arístegui et al., 1994,Sangrà et al., 2009). For this reason, the measurements reported by Arísteguiet al. (2005) probably describe an actively growing heterotrophic communityas a result of the enhanced phytoplankton productivity that generally char-acterises this region. The good agreement between ETS and model derivedrespiration, despite the different temporal and spatial scales implicit in bothestimates, suggest that the seasonal variability of mesopelagic remineral-ization processes in this region is relatively weak. This is consistent withprevious studies reporting a small seasonal variability in POC sinking fluxes
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(Helmke et al., 2010) and suspended POC concentrations (Neuer et al., 2007)at the ESTOC site.
6.4.2 The mesopelagic carbon budget in the eastern and west-ern subtropical North Atlantic
Mesopelagic respiration rates reported in this study were in close agreementwith geochemical estimates, based on 3He/3H water masses age and ap-parent oxygen utilisation (AOU) determinations, carried out below 100 m inthe beta triangle region, located west of the ESTOC site (5.7molO2m−2 y−1,Jenkins, 1982). Our estimates were also very similar to the value reportedfor the Sargasso Sea, in the subtropical Northwestern Atlantic (NASW),by using the seasonal variation of oxygen concentration below 100 m (4.1–5.9molO2m−2 y−1, Jenkins and Goldman, 1985). Despite the similarities be-tween mesopelagic respiration reported for the eastern and western subtropi-cal North Atlantic, the two regions are characterised by important differencesregarding the sources of the organic carbon fuelling remineralization pro-cesses in the mesopelagic zone.Our model results indicate that oxygen, DIC and NO3 budgets at ESTOCwere mainly dominated by lateral processes, due to the southward transportalong the Canary Current. We are aware that these results are sensitiveto the calculation of geostrophic flux divergences, which were derived fromglobal climatologies, and for this reason subjected to important uncertainties(see Methods and Table 6.2). However, our results were consistent whendifferent approaches were used to determine the reference velocities usedfor the calculation of geostrophic transports (Table 6.2). In agreement withprevious studies (Arístegui et al., 2003, Álvarez-Salgado et al., 2007, Alonso-González et al., 2009), these results point out to the horizontal transport asthe main source of organic carbon for the mesopelagic respiratory activity inthis region.Vertical fluxes of sinking particulate organic carbon determined by surface-tethered sediment traps deployed at 200 m at ESTOC, covering seasonalityduring three years, ranged between 0.097 and 0.173mol Cm−2 y−1) (Helmke
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et al., 2010), which is about one order of magnitude lower compared to our es-timates of mesopelagic respiration (2.00–3.09mol Cm−2 y−1). By using a boxmodel approach, Alonso-González et al. (2009) estimated the lateral trans-port and consumption of suspended particulate organic carbon, between 100and 700 m, in the southern Canary Current region away from the influence ofthe eddy field. According to these authors the organic carbon supply by thisprocess was 0.52mol Cm−2 y−1. Moreover, by comparing the AOU and DOCdistributions, Arístegui et al. (2003) calculated that DOC transported fromthe coastal African upwelling, account for 27% of the mesopelagic respirationin this region. By extrapolating this result to our data, we estimated a contri-bution of DOC ranging between 0.54 and 0.81mol Cm−2 y−1. Putzeys et al.(2011) calculated the active flux mediated by diel migrant zooplankton to be0.053–0.15mol Cm−2 y−1 close to the ESTOC site. The sum of all these pro-cesses (1.2–1.7mol Cm−2 y−1), which was in good agreement with the massbalance reported by Alonso-González et al. (2009) (0.88–1.87mol Cm−2 y−1),accounts for 38−83% of the diagnosed respiration for the ESTOC site. Theseresults highlight the lateral supply of DOC and suspended POC as the twomajor contributors to the mesopelagic carbon budget in this region, whereasvertical passive and active fluxes only account for less than 20% of the carbondemand.In NASW, which is located further from productive areas, seasonal ven-tilation is considered the main source for oxygen in the mesopelagic zone(Jenkins and Goldman, 1985). Vertical fluxes of sinking particulate organiccarbon determined by sediment traps at BATS (Bermuda Atlantic Time-SeriesStudy, 31.7◦N-64.2◦W) are 3-4 fold higher than the values reported for ES-TOC (0.3–0.8mol Cm−2 y−1, Neuer et al., 2002a, Helmke et al., 2010, Owenset al., 2013). At BATS, the vertical export of dissolved organic carbon dueto entrainment into the thermocline during winter mixing has been estimatedto be 0.99–1.21mol Cm−2 y−1 (Carlson et al., 1994). More recently, Emerson(2014) estimated as 13% the contribution of DOC to the variation in AOU be-low 100 m. Considering the value of total mesopelagic respiration estimatedby Jenkins and Goldman (1985) (4.1–5.9molO2m−2 y−1), we computed thecontribution of DOC to total respiration as 0.38–0.54mol Cm−2 y−1, slightly
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ESTOC (Neuer et al., 2007)
Figure 6.8: Vertical distribution of particulate organic carbon (POC) for the BATS andESTOC sites. Data for BATS correspond to the 1988-2012 period (http://bats.bios.
edu/), whereas for ESTOC were adapted from Neuer et al. (2007) and correspond to the1996-1999 period. Polynomial (cubic) fits are shown.
lower than the previous estimate by Carlson et al. (1994). On the other hand,the active carbon flux by migrating zooplankton in this region has been quan-tified as 0.06mol Cm−2 y−1 (Steinberg et al., 2000). The sum of all thesefluxes (0.74–2.07mol Cm−2 y−1) accounts for 18 − 70% of the organic car-bon demand between 100 and 800 m (2.93–4.21mol Cm−2 y−1, Jenkins andGoldman, 1985). The lack of agreement between carbon sources and sinksin the BATS region has been attributed to inefficient performance of sedi-ment traps (Buesseler et al., 2007), intense shallow remineralization betweenthe euphotic depth (ca. 100 m) and the depth of the shallower trap (150m), and also to the carbon supply through lateral processes (Emerson, 2014).Although, as far as we know, the lateral transport of organic carbon at thissite has not been evaluated so far, its contribution to the mesopelagic carbonbudget is probably lower compared to ESTOC. This argument is supported bythe comparison of vertical profiles of POC collected at both sites (Figure 6.8).Whereas the fluxes of sinking particulate organic carbon are much lower atESTOC, depth-integrated (150–700 m) averaged POC concentration at this
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site (2.65molm−2, Neuer et al., 2007) is about 6 fold higher compared to BATS(0.41molm−2), which may reflect the accumulation of slow-sinking suspendedparticles exported from the adjacent, coastal upwelling region. Overall, ourresults highlight the importance of regional variability in the contribution ofdifferent processes of organic matter transport and cycling in the oligotrophicocean.
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The oligotrophic subtropical and subtropical regions represent a key com-ponent of the biological carbon pump, and could be responsible for about 50%of the carbon export to the deep ocean (Emerson et al., 1997). These vastbiomes, which represent about 60% of the global ocean surface, had been tra-ditionally considered as relatively constant and homogeneous. However, dataaccumulated during the last decades (Michaels and Knap, 1996, Karl et al.,2001) revealed that these regions are fundamentally dynamic, variable intime and heterogeneous in space, based on the reported regional differencesin carbon export and the functioning of the biological carbon pump (Neueret al., 2002a). In the tropical and subtropical oceans, nitrogen is typically themain limiting nutrient for primary productivity (Moore et al., 2013). In thesestratified, nutrient-depleted regions, fixation of atmospheric N2 and nitratediffusion from deeper waters are the two main supply mechanisms of new ni-trogen production in the photic layer. The relative importance of these twomechanisms is poorly constrained and available estimates are often contra-dictory (Capone et al., 2005, Mouriño-Carballido et al., 2011, Painter et al.,2013). Previous studies on nitrogen supply have overlooked the effect of saltfingers mixing, which develop in the tropical and subtropical oceans wherewarm and salty layers overlie cooler and fresher waters (Schmitt, 1981). Herewe have used a multidisciplinary approach, combining field observations andmodelling techniques, to investigate the regional variability in nutrient supply,and the synthesis and remineralization of organic matter in the oligotrophicocean.The Malaspina Circumnavigation Expedition 2010 crossed the tropical andsubtropical regions of the Pacific, Atlantic and Indian oceans between De-cember 2010 and July 2011. Physical, chemical and biological observationscollected during the expedition included microstructure turbulence, nitrateconcentration and biomass and activity of marine diazotrophs. This uniquedata set allowed us, first, to describe regional patterns of diapycnal diffusivity(Kρ), and secondly to investigate the regional variability in the mechanismsresponsible for the generation of turbulence (Chapter 2)
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Kρ was estimated from dissipation rates of turbulent kinetic energy (ε)measured by the microstructure profiler deployed during the cruises, and alsofrom hydrographic and meteorological data by using the K-profile parameter-ization (KPP, Large et al., 1994). In the mixing layer, averaged Kρ (169 ·10−4m2 s−1) and ε (16.8 · 10−8 W kg−1) were three and one orders of magnitudehigher, respectively, compared to the ocean interior (0.59 · 10−4 m2 s−1 and1.0 · 10−8 Wkg−1). In general, the KPP showed a good agreement with diffu-sivity estimates derived from microstructure observations, both in the mixinglayer and in the ocean interior. The KPP also reproduced the main regionalpatterns observed in the ocean interior. The analysis of turbulence generationmechanisms below the mixing layer showed that shear-induced mixing wasmore important in those regions influenced by the equatorial undercurrent,where averaged diffusivity was 2.27 − 3.62 · 10−4 m2 s−1. Favourable condi-tions for salt fingers formation were more frequently observed in the Atlantic,where, as a consequence of this process, diffusivity could increase up to 20%.Measurements of microstructure turbulence collected during the Malaspina2010 expedition represent a unique opportunity to progress in our knowledgeof the distribution of turbulence in the ocean, and its interaction with chemicaland biological processes. Future work, not addressed in this thesis, shouldinclude the analysis of the relationship between mixed layer, mixing layerand turbulent layer. Despite the differences in their physical meaning, thesethree terms are frequently used interchangeably, which results in misleadinginterpretations of important biological phenomena (Franks, 2014).Estimates of turbulent diffusivity derived from microstructure observationscollected during the Malaspina expedition and the KPP, extensively describedin Chapter 2, were combined with simultaneous estimates of nitrate concen-tration and N2 fixation. This data set allowed us to compare, for the first time,the contribution of N2 fixation, mechanical turbulence and salt finger mixingto the supply of new nitrogen to the euphotic zone in large regions of theoligotrophic ocean. Our analysis revealed that nitrate diffusion (171 ± 190(± SD) µmolm−2 d−1) dominated over N2 fixation (9.0 ± 9.4 µmolm−2 d−1)at the time of sampling, and highlighted the importance of considering theeffect of salt fingers mixing in nitrogen budgets of the surface ocean. This
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process was an important source for new nitrogen, representing close to 20%of the new nitrogen supply in several provinces of the tropical and subtropi-cal Atlantic and Indian Oceans. Although salt fingers mixing and N2 fixationshowed different regional distribution, on average, the contribution of bothprocesses as sources of new nitrogen supply was comparable (ca. 10%). Inorder to provide a global estimate of nitrate diffusive fluxes due to salt fin-gers mixing, we combined data from the World Ocean Atlas 2009 and theKPP. The computed supply flux by this process (1.00 ± 0.75 Tmol y−1) wasabout 4-fold higher than the global estimate derived from extrapolating theaveraged salt fingers flux estimated from the Malaspina observations (0.23Tmol y−1). These figures are within the range of global N2 fixation (0.36-11Tmol y−1) (Carpenter and Capone, 2008) and atmospheric N deposition (2-6Tmol y−1) (Okin et al., 2011) estimates, emphasising the need to include saltfingers mixing in present and future ocean nitrogen budgets. In contrast withthe classical view of marine N2 fixation being dominated by Trichodesmium,our results suggest a significant contribution of other groups of diazotrophs,as diazotrophic symbionts and unicellular fixers (Cabello et al., 2015), such asin the South Atlantic and the Eastern Indian Ocean. Future analysis of theMalaspina Expedition dataset should include the study of the environmentalfactors controlling the distribution of different groups of marine diazotrophs.The North Atlantic subtropical gyre (NASG) is one of the best studiedopen ocean regions and, in the past decades, it has been a major contrib-utor to the development of our understanding of the biogeochemical cyclesin subtropical regions. Two time-series stations, BATS (Bermuda AtlanticTime-series Study, 31.7◦N-64.2◦W) and ESTOC (European Station for Timeseries in the Ocean, Canary Islands, 29.16◦N-15.5◦W), are located at aboutthe same latitude in the western (NASW) and eastern (NASE) portions ofNASG. Although both stations are characterised by similar phytoplanktonbiomass and primary production rates, carbon export estimated by using sed-iment traps is significantly lower at ESTOC, by a factor of 3–5, than at BATS(Neuer et al., 2002a, Helmke et al., 2010). We hypothesised that dissimi-larities in N2 fixation and remineralization rates between NASW and NASEcould, at least partially, explain the observed differences in carbon export.
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In order to investigate regional differences in the role of N2 fixation, and itsinteractions with atmospheric nitrogen (N) deposition and preferential phos-phorus (P) remineralization, we applied the optimality-based model for phyto-plankton growth and diazotrophy described by Pahlow and Oschlies (2013) totwo sites located in the eastern NASE (25◦N-30◦W) and the western NASW(31◦N-64◦W) (Chapter 4). The NASW site coincides with the location of theBATS site, in an area of relatively high N:P ratios in the upper thermocline.Contrary to the traditional view in which diazotrophy is favoured by N deple-tion relative to the Redfield equivalent of P, we found that optimally-regulateddiazotrophy could explain N2 fixation in both regions of relatively high N:Psupply ratio. This is possible because the availability of an additional sourceof nitrogen for diazotrophs makes them strong competitors for P under lownutrient availability conditions. However, the best reproduction of observa-tions, especially of primary production, was only achieved with preferentialremineralization of P relative to N and atmospheric deposition. A higher rateof N2 fixation was predicted for the eastern (49 ± 15 µmol m−2 d−1) in com-parison to the western (29±23 µmol m−2 d−1) site, owing to a larger niche fordiazotrophs resulting from lower nutrient availability and lower N:P supplyratios due to weaker atmospheric N deposition. Because the competitive ad-vantage of diazotrophs under nutrient starvation diminishes with increasingN:P ratio of the supply, the predicted increase of atmospheric N depositiondue to anthropogenic activity (Duce et al., 2008) could negatively affect N2fixation in the Atlantic Ocean. It is important to note that our model wascalibrated to reproduce the observed behaviour of the filamentous cyanobac-terium Trichodesmium, traditionally considered as the major contributor to N2fixation in the subtropical North Atlantic. However, more recently, unicellularfree-living and symbiont fixers have been discovered to be widely distributed(see Chapter 3). Moreover, potential relevant processes for N2 fixation suchas iron limitation (Mills et al., 2004) and the use of dissolved organic phos-phorus by diazotrophs (Landolfi et al., 2015) were not included in the model.More studies about the physiology of these organisms are needed in orderto include them in ecological models and to improve our understanding of therole, and the control factors, of diazotrophy in the marine and global nitro-
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gen cycle. Specifically, laboratory experiments with chemostats would serveto investigate the competitive dynamics between diazotrophic and ordinaryphytoplankton under different N:P supply ratios. Finally, despite the factthat total supply of new nitrogen (including atmospheric deposition, N2 fixa-tion and nitrate diffusion) in NASE is about half of the total nitrogen supplycomputed by our model for NASW, net primary production rates in NASE(20.1± 6.9 mmol Cm−2 d−1) were about 70% the values computed for NASW(29.2 ± 6.8 mmol Cm−2 d−1). This result is consistent with a higher fractionof the primary production in NASE being sustained by recycled nitrogen.With the main goal of verifying if differences in net production and rem-ineralization are consistent with the lower export rates of particulate organiccarbon observed at ESTOC, we computed both rates by using a 1-D tracerconservation model (Chapter 5). Concurrent data, obtained over a 5-year pe-riod, of tracer distribution from both stations were used to build the model,which included vertical Ekman advection, geostrophic horizontal transportand vertical diffusion, and with biological terms being diagnosed by assum-ing steady state. Net production rates computed below the mixed layer to110 m from April to December for oxygen, dissolved inorganic carbon (DIC)and nitrate at BATS (1.34± 0.79 mol O2 m−2, −1.73± 0.52 mol C m−2 and−125±36 mmol N m−2) were slightly higher for oxygen and carbon comparedto ESTOC (1.03± 0.62 mol O2 m−2, −1.42± 0.30 mol C m−2 and −213± 56mmol N m−2), although the differences were not statistically significant. Asour approach does not estimate mixed-layer net production, particularly dur-ing the winter-spring bloom period, we cannot discard that it underestimatesthe differences in net production between the two stations. Shallow reminer-alization rates between 110 and 250 m computed at ESTOC (−3.9± 1.0 molO2 m−2, 1.53± 0.43 mol C m−2 and 38± 155 mmol N m−2) were statisticallyhigher for oxygen compared to BATS (−1.81± 0.37 mol O2 m−2, 1.52± 0.30mol C m−2 and 147±43 mmol N m−2). The lateral advective flux divergence oftracers, which was more significant at ESTOC, was responsible for the differ-ences in estimated oxygen remineralization rates between both stations. Thecomparison of our estimates with vertical fluxes of particulate organic carbonshows that whereas a significant fraction (25%) of the shallow remineralization
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is sustained by sinking organic matter at BATS, this fraction is much lowerat ESTOC (5%). According to these results, the differences in net productionand shallow remineralization cannot fully explain the dissimilarities in theflux of sinking organic matter observed between both stations.By using the same approach applied to climatological data of oxygen, DICand nitrate, we computed mesopelagic (150–700 m) respiration at the ESTOCsite (Chapter 6). Mesopelagic respiration rates computed from the model were2.8–8.9molO2m2 y−1, 2.0–3.1mol Cm2 y−1 and 0.6–1.0molNm2 y−1, consis-tent with remineralization processes occurring close to Redfield stoichiometry.Model estimates were in close agreement with respiratory activity, derivedfrom electron transport system (ETS) measurements, collected in the sameregion at the end of the winter bloom period (3.61± 0.48molO2m−2 y−1).Model results showed that oxygen, DIC and nitrate budgets were dominatedby lateral advection. Mesopelagic respiration computed for ESTOC was com-parable to geochemical estimates reported in the Sargasso Sea close to theBATS site (4.1–5.9molO2m−2 y−1, Jenkins and Goldman, 1985). However, theanalysis of the carbon supply mechanisms at both sites reveals that, whilehorizontal transport is the main source of organic carbon fuelling the het-erotrophic respiration in NASE, vertical processes are dominant in NASW.Slow-sinking particles, which escape capture by sediment traps and can belaterally advected, have been reported to dominate carbon export in the Ca-nary Current region during the less productive season (Alonso-González et al.,2010). Thus, given the relevance of lateral fluxes in our model at ESTOC, itis plausible that lateral advection of low-sinking particles dominate carbonexport at this site, which could explain the differences in the observed sinkingcarbon between both sides.Our work shows that important regional differences exist in the mecha-nisms responsible for the supply of nutrients and the synthesis and reminer-alization of organic matter in tropical and subtropical regions. In agreementwith our initial hypothesis, we have demonstrated the importance of consid-ering the effect of salt fingers mixing in nitrogen budgets of the surface ocean.We have also found differences in the magnitude and control mechanisms ofN2 fixation and remineralization processes between NASW and NASE. How-
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i. Averaged diapycnal diffusivity in the mixing layer, Kρ, (169 · 10−4 m2 s−1)and dissipation rate of turbulent kinetic energy, ε, (16.8 · 10−8 W kg−1)were three and one orders of magnitude higher, respectively, compared tothe ocean interior (0.59 · 10−4 m2 s−1 and 1.0 · 10−8 Wkg−1).
ii. The analysis of turbulence generation mechanisms below the mixing layershowed that shear-induced mixing was more important in those regionsinfluenced by the equatorial undercurrent, where averaged diffusivity was2.27− 3.62 · 10−4 m2 s−1. Favourable conditions for salt fingers formationwere more frequently observed in the Atlantic, where, as a consequenceof this process, diffusivity could increase by up to 20%.
iii. In general, the K-profile parameterization (KPP) showed a good agree-ment with diffusivity estimates derived from microstructure observations,both in the mixing layer and in the ocean interior. The KPP also repro-duced the main regional patterns observed in the ocean interior.
iv. Nitrate diffusion (171± 190 (± SD) µmolm−2 d−1) calculated during theMalaspina expedition dominated over N2 fixation (9.0±9.4 µmolm−2 d−1).Nitrate diffusion mediated by salt fingers was responsible for ca. 20% ofthe new nitrogen supply in several provinces of the Atlantic and Indianoceans.
v. Optimally-regulated diazotrophy explained N2 fixation at two stationslocated in the western (NASW) and eastern (NASE) subtropical NorthAtlantic, where the N:P supply ratio is higher than Redfield. The bestreproduction of observations was only achieved with preferential reminer-alization of phosphorus, relative to nitrogen, and atmospheric deposition.
vi. A higher rate of N2 fixation is predicted for NASE (49±15 µmol m−2 d−1)in comparison to NASW (29± 23 µmol m−2 d−1), owing to a larger nichefor diazotrophs resulting from lower nutrient availability and N:P supplyratios, due to weaker atmospheric N deposition.
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vii. Net production rates diagnosed with a tracer conservation model andintegrated between the mixed layer and the compensation depth (≈ 110m) from April to December for oxygen, dissolved inorganic carbon andnitrate at the BATS site (31.7◦N-64.2◦W, NASW) (1.34 ± 0.79 mol O2m−2, −1.73± 0.52 mol C m−2 and −125± 36 mmol N m−2) were slightlyhigher for oxygen and carbon compared to the ESTOC site (29.16◦N-15.5◦W, NASE) (1.03 ± 0.62 mol O2 m−2, −1.42 ± 0.30 mol C m−2 and−213 ± 56 mmol N m−2), although the differences were not statisticallysignificant.
viii. Depth-integrated (110-250 m) shallow remineralization rates betweenApril and December computed at ESTOC (−3.9±1.0 mol O2 m−2, 1.53±0.43 mol C m−2 and 38± 155 mmol N m−2) were statistically higher foroxygen compared to BATS (−1.81± 0.37 mol O2 m−2, 1.52± 0.30 mol Cm−2 and 147± 43 mmol N m−2).
ix. Mesopelagic respiration rates computed at ESTOC (2.8–8.9molO2m2 y−1,2.0–3.1mol Cm2 y−1 and 0.6–1.0molNm2 y−1), which were in close agree-ment with in vitro estimates (3.61± 0.48molO2m−2 y−1), were very sim-ilar to reported values for the BATS site.
x. The analysis of the carbon supply mechanisms at both sites reveals that,whereas in NASE horizontal transport is the main source of organic car-bon fuelling the heterotrophic respiration activity, in NASW it is domi-nated by vertical processes.







Os zonas oligotróficas tropicais e subtropicais dos océanos representan unhacompoñente importante da bomba biolóxica de carbono global, podendo serresponsables de aproximadamente o 50% da exportación de carbono cara aoocéano profundo (Emerson et al., 1997). Estes enormes biomas, que rep-resentan arredor do 60% da superficie dos océanos, foron tradicionalmenteconsiderados como relativamente constantes e uniformes. Porén, a informa-ción adquirida durante as últimas décadas a través da implantación de seriestemporais de mostraxe (Michaels and Knap, 1996, Karl et al., 2001), e da real-ización de campañas oceanográficas (Marañón et al., 2003), desvelou o carác-ter marcadamente dinámico destas rexións. Estas resultaron ser variables notempo e heteroxéneas no espazo, tanto desde o punto de vista dos mecanismosde aporte de nutrientes para soster a produción primaria (Mouriño-Carballidoet al., 2011), como da capacidade de exportación de carbono cara a capas pro-fundas do océano (Neuer et al., 2002a).As rexións oligotróficas caracterízanse pola escaseza de nutrientes en au-gas superficiais, sendo o nitróxeno o principal nutriente limitante (Mooreet al., 2013). Dado que unha parte da produción biolóxica na capa fótica seexporta cara ao océano profundo (produción de exportación), o mantementoda produtividade biolóxica no tempo depende de que exista unha entrada denutrientes novos cara a capa fótica. Historicamente tense considerado quea entrada de nitróxeno novo por difusión turbulenta desde capas máis pro-fundas era, con moito, o principal mecanismo responsable do subministro denutrientes nas rexións oligotróficas (Lewis et al., 1986). Hoxe en día sábeseque existen outros mecanismos que poden tamén xogar un papel significativo(Siegel, 1999). O máis relevante destes mecanismos, pola súas implicaciónsbioxeoquímicas e porque en determinadas rexións pode ser máis importanteque o aporte por difusión (Capone et al., 2005), é a fixación biolóxica denitróxeno molecular (N2) atmosférico, levada a cabo por parte dun númerolimitado de cianobacterias diazotrofas. A importancia relativa da fixación
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de nitróxeno con respecto á difusión de nitrato é relevante desde o puntode vista de captación de CO2 atmosférico por parte dos océanos, xa que aprodución primaria sostida por nitróxeno recentemente fixado resulta nunhamaior eficiencia, a priori, dese proceso. Porén, a variabilidade da contribu-ción absoluta e relativa desas dúas fontes de nitroxeno novo nos diferentesocéanos non está suficientemente estudada, e os estudos previos ofrecen re-sultados contraditorios en relación á mesma (Capone et al., 2005, Mouriño-Carballido et al., 2011, Painter et al., 2013). A maior dificultade para car-acterizar a magnitude dos fluxos difusivos de nitrato reside na cuantificaciónda constante de difusión turbulenta, que historicamente se viu limitada porcuestións metodolóxicas. Hoxe en día, estas limitacións poden resolverse em-pregando perfiladores de microestrutura de turbulencia (Prandke and Stips,1998). Diversos mecanismos causan turbulencia e mestura nos océanos e asúa consideración é esencial para unha adecuada cuantificación da constantede difusividade. Estudos previos que cuantificaron a contribución relativa dosfluxos difusivos de nitrato e da fixación de nitróxeno ignoraron o efecto que osdedos de sal teñen para o transporte difusivo de nutrientes. Os dedos de saldesenvólvense nas augas centrais dos océanos tropicais e subtropicais candounha capa de auga máis salina e con maior temperatura está situada sobreunha capa de auga máis doce e fría (Schmitt, 1981), e teñen como resultadounha estimulación do transporte por difusión (Hamilton et al., 1989).O xiro subtropical do Atlántico Norte (NASG) é unha das rexións deocéano aberto mellor estudadas e, nas últimas décadas, ten contribuído demaneira moi importante ao desenvolvemento do noso coñecemento dos cic-los bioxeoquímicos en rexións subtropicais. Dentro de NASG existen dúasestación de series temporais para o estudo da variabilidade temporal a dis-tintas escalas dos procesos físicos, químicos e biolóxicos que teñen lugarnesas rexións. Ambas estacións, BATS (Bermuda Atlantic Time-series Study,31.7◦N-64.2◦W) e ESTOC (European Station for Time series in the Ocean,Canary Islands, 29.16◦N-15.5◦W), están situadas a aproximadamente a mesmalatitude na parte oeste (NASW) e leste (NASE) de NASG. A día de hoxe éunha incógnita o por que, aínda que as dúas rexións se caracterizan por unhabiomasa fitoplanctónica e unhas taxas de produción primaria similares, as
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taxas de exportación de carbono medidas con trampas de sedimentación sonsignificativamente menores en ESTOC, por un factor 3-5, en comparación conBATS (Neuer et al., 2002a, Helmke et al., 2010). Estas diferencias poderíanser explicadas -cando menos de maneira parcial- por unha maior dispoñibili-dade de nitróxeno en NASW, fornecida por fixación de nitróxeno atmosférico,ou tamén por unha maior intensidade dos procesos de remineralización enNASE.O obxectivo xeral desta tese de doutoramento foi investigar a variabili-dade rexional no subministro de nutrientes, e a síntese e remineralización demateria orgánica no océano oligotrófico, con especial atención no AtlánticoNorte. As hipóteses particulares foron:
Hipóteses
i. A difusión de nitrato mediada por dedos de sal representa unha fonteimportante de nitróxeno novo en grandes áreas dos océanos oligotróficos.
ii. A magnitude e os mecanismos de control da fixación de nitróxeno difirenentre NASW e NASE.
iii. As taxas de remineralización de materia orgánica son maiores en NASEque en NASW.
iv. Diferencias en fixación de nitróxeno e remineralización de materia orgánicaentre NASW e NASE poden explicar as diferencias observadas nos fluxosde sedimentación de materia orgánica.
Para verificar estas hipóteses propuxéronse os seguintes obxectivos:
Obxectivos
i. Describir os patróns rexionais das taxas de disipación de enerxía cinéticaturbulenta e da difusividade diapicna nas rexións tropicais e subtropicaisdos océanos Atlántico, Pacífico e Índico.
ii. Estudar a variabilidade rexional nos mecanismos responsables da xeraciónde turbulencia.
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iii. Verificar o funcionamento dunha parametrización de difusividade (K-profileparameterization, KPP, Large et al., 1994) baixo diferentes condiciónshidrográficas.
iv. Avaliar a contribución da difusión turbulenta de nitrato, incluíndo mesturapor dedos de sal, e da fixación de nitróxeno á produción nova nas rexiónstropicais e subtropicais dos océanos Atlántico, Pacífico e Índico.
v. Investigar o papel da fixación de nitróxeno e as súas interaccións coadeposición atmosférica de nitróxeno e a remineralización preferencial defósforo en dúas estacións de referencia situadas en NASW e NASE.
vi. Calcular taxas de produción neta e remineralización somera en BATS eESTOC empregando un modelo 1-D de conservación de trazadores.
vii. Calcular taxas de remineralización mesopeláxica en ESTOC empregandoun modelo 1-D de conservación de trazadores.
Para alcanzar estes obxectivos empregamos unha aproximación multidis-ciplinar, combinando observacións de campo, análise de series temporais emodelos biolóxicos e de conservación de trazadores.
9.2 Resultados e discusión
A Expedición de Circumnavegación Malaspina 2010 atravesou as rexións trop-icais e subtropicais dos océanos Atlántico, Pacífico e Indico desde decembrode 2010 ata xullo de 2011. As numerosas observacións físicas, químicas e bi-olóxicas realizadas durante a expedición incluíron medidas de microestruturade turbulencia, concentración de nitrato e biomasa e actividade de organismosfixadores de nitróxeno (diazótrofos). Esta base de datos única permitiunos, enprimeiro lugar, describir os patróns rexionais da difusividade diapicna (Kρ), einvestigar a variabilidade rexional dos mecanismos responsables da xeraciónde turbulencia e mestura (Capítulo 2).Kρ foi estimada a partir das medidas de taxa de disipación de enerxíacinética turbulenta (ε), adquiridas empregando un perfilador de microstruc-tura de turbulencia e tamén a partir de datos de hidrografía e meteoroloxía,
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empregando a K-profile parameterization (KPP, Large et al., 1994). Na capade mestura, as medias de Kρ (169 · 10−4 m2 s−1) e ε (16.8 · 10−8 W kg−1)foron tres e unha orde de magnitude maiores, respectivamente, en compara-ción co océano interior (0.59 · 10−4 m2 s−1 e 1.0 · 10−8 Wkg−1). En xeral, aKPP mostrou unha boa reprodución das observacións de difusividade medi-ante medidas de microestrutura, tanto na capa de mestura coma no océanointerior. A análise dos mecanismos responsables da xeración da turbulenciadurante a expedición Malaspina por debaixo da capa de mestura indicou quea turbulencia xerada por inestabilidade de cizalla (ou Kelvin-Helmholtz) foiimportante nas rexións ecuatoriais. Como consecuencia a media de difusivi-dade no océano interior (2.27−3.62·10−4 m2 s−1) foi máis elevada que noutrasrexións onde a difusión por ondas internas era dominante. As condicións deestratificación favorables para a formación de dedos de sal foron observadascon frecuencia no Atlántico, onde a causa deste proceso, a difusividade parasubstancias disoltas incrementouse ata nun 20%. As medidas de microestru-tura de turbulencia recollidas durante a expedición Malaspina representanunha oportunidade única para progresar no coñecemento que se ten acerca dadistribución da turbulencia no oceano, así como a súa interacción con outrosprocesos químicos e biolóxicos. Unha posibilidade moi interesante de traballofuturo, que non foi abordado durante a tese, sería explorar as relacións entre acapa de mestura e a capa de elevada turbulencia. A pesar de diferiren no seusignificado desde o punto de vista físico, estes dous termos intercámbiansecon frecuencia na literatura científica, o que pode conducir a interpretaciónserróneas de fenómenos biolóxicos relevantes (Franks, 2014).As estimas de difusividade obtidas a partir das observación de microestru-tura de turbulencia recollidas durante a expedición Malaspina e da KPP, queforon descritas no Capítulo 2, foron combinadas con medidas de concentraciónde nitrato e de fixación de nitróxeno atmosférico. Estes datos permitíronnos,por vez primeira, comparar a contribución da fixación de nitróxeno, e difusiónde nitrato por turbulencia mecánica e dedos de sal ao subministro de nitróxenocara á capa fótica nos océanos oligotróficos de todo o globo. Os resultadosdesta análise indicaron que, en xeral, a difusión de nitrato (171±190 (± SD)µmolm−2 d−1) dominou sobre a fixación de nitróxeno (9.0± 9.4 µmolm−2 d−1),
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polo menos no momento da mostraxe. A difusión de nitrato mediada por dedosde sal foi unha fonte de nitróxeno importante, representando arredor do 20%do subministro total de nitróxeno novo en varias provincias tropicais e sub-tropicais dos océanos Atlántico e Índico. Aínda que a difusión de nitrato pordedos de sal e a fixación de nitróxeno atmosférico mostraron unha distribu-ción rexional diferente, a contribución media dos dous procesos como fontede nitróxeno novo foi comparable (∼ 10%). Para obter unha estima do sub-ministro total de nitróxeno a capa fótica mediada por difusión por dedos desal, combinamos datos do World Ocean Atlas 2009 e a KPP. O fluxo globalcalculado debido a este proceso (1.00 ± 0.75 Tmol a−1) foi 4 veces maiorque a estima global obtida ao extrapolar o fluxo medio debido a dedos de salque se derivou das observacións durante a expedición Malaspina (0.23 Tmola−1). Estes valores están dentro do rango das estimas globais de fixaciónde nitróxeno (0.36-11 Tmol a−1) e deposición atmosférica de nitróxeno (2-6 Tmol a−1) (Okin et al., 2011). Isto pon de relevancia a importancia deter en consideración a mestura por dedos de sal cando se tenten establecerinventorios globais de nitróxeno para o océano presente e futuro. En con-traste coa visión clásica de que a fixación de nitróxeno en áreas oligotróficasdos océanos está dominada pola cianobacteria colonial non heterocística Tri-chodesmium, as observacións levadas a cabo durante a expedición Malaspinae expostas nesta tese, indican que outros grupos de diazótrofos, simbiontese unicelulares, tiveron unha contribución moi importante, especialmente enzonas pouco exploradas como o Atlántico Sur ou o leste do Océano Índico.Neste senso, de cara ao futuro, estes datos poderían explorarse para estudaros mecanismos ambientais que controlan a distribución espacial dos distintosgrupos de fixadores a escala global.Para investigar as diferencias rexionais no papel da fixación de nitróxenoatmosférico no xiro subtropical do Atlántico Norte, e as súas interaccións coadeposición de nitróxeno (N) atmosférico biodispoñible e a remineralizaciónpreferencial de fósforo (P), aplicamos un modelo baseado en optimidade parao crecemento de fitoplancto e diazotrofía descrito por Pahlow et al. (2013)a dúas estacións localizadas en NASE (25◦N 30◦W) e NASW (31◦N-64◦W)(Capítulo 4). A localización da estación NASW coincide coa localización da
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estación de series temporais BATS, e está nunha zona onde as proporciónsde nitrato a fosfato son elevadas con respecto a proporción de Redfield (N:P∼ 16) na termoclina. Contrariamente a visión tradicional na que a diazotrofíaestá favorecida por baixas concentracións de N, con respecto ao equivalenteestequeométrico de P, vimos que o modelo de diazotrofía regulado por op-timalidade foi capaz de explicar a fixación de nitróxeno observada nas dúasrexións en que a proporción N:P do subministro de nutrientes é relativamenteelevada. Isto é posible porque, no modelo, a dispoñibilidade dunha fonte adi-cional de N para os diazotrofos fai que sexan bos competidores para o P, encondicións de escaseza xeral de nutrientes, como as que se dan en NASG.Porén, a para unha mellor representación das observacións, especialmentedas taxas de produción primaria, foi necesario incluír no modelo dous proce-sos que son importantes nesta rexión: a remineralizacion máis rápida de Pque de N (Wu et al., 2000, Letscher and Moore, 2015) e a deposición de Natmosférico (Duce et al., 2008). O modelo predixo unha taxa de fixación máisimportante na parte leste (49 ± 15 µmol m−2 d−1) en comparación coa parteoeste (29 ± 23 µmol m−2 d−1), debido a que en NASE existe un maior nichopara a diazotrofía favorecido por unha maior escaseza de nutrientes e a que arelación N:P do subministro dos mesmos é lixeiramente menor, sobre todo porunha menor deposición atmosférica de N. Posto que que a vantaxe competi-tiva dos diazotrofos en condicións de escaseza de nutrientes diminúe cando arelación N:P do subministro aumenta, o incremento de fluxos atmosféricos denitróxeno como resultado de actividades humanas (Duce et al., 2008) poderíaafectar negativamente á actividade de fixación de nitróxeno no océano Atlán-tico, de acordo coas predicións do modelo. É importante ter en conta queo noso modelo foi calibrado para reproducir o comportamento, observado nolaboratorio, da cianobacteria colonial non heterocística Trichodesmium, quefoi considerado tradicionalmente como o organismo máis importante de caraa fixación de nitróxeno no Atlántico Norte subtropical. Porén, os descubri-mentos recentes indican que fixadores unicelulares de vida libre e simbiontesestán tamén amplamente distribuídos e poden xogar un papel moi importante(ver Capítulo 3). Alén diso, outros procesos relevantes para o control dafixación de nitróxeno como poden ser a limitación por ferro (Mills et al., 2004)
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ou a utilización de fósforo de compostos orgánicos (Landolfi et al., 2015) nonforon incluídos no modelo. Son necesarios pois novos estudos para afondar nafisioloxía destes organismos fixadores coa fin de poder introducilos en mod-elos ecolóxicos. Deste xeito, conseguiríase mellorar o noso coñecemento dopapel que diazotrofía, e os seus factores de control, xogan no ciclo global nonitróxeno. Sería especialmente interesante verificar no laboratorio, medianteexperimentos de quimiostato, o resultado da competición entre fitoplancto fix-ador e non fixador de nitróxeno baixo diferente relación N:P de subministro denutrientes. Finalmente, o modelo empregado deunos, ademais de informaciónsobre o proceso de fixación de nitróxeno nas dúas rexións, ideas acerca daprodutividade dos dous sistemas. Aínda que o subministro total de nitróxenonovo (incluíndo a deposición atmosférica, a fixación e a difusión de nitrato)en NASE foi a metade que en NASW, as taxas de produción primaria enNASE (20.1± 6.9 mmol Cm−2 d−1) representaron o 70% das calculadas paraNASW (29.2± 6.8 mmol Cm−2 d−1). Este resultado é indicativo de que unhafracción máis importante da produción primaria en NASE se sostén grazas anitróxeno reciclado dentro da capa fótica.No capítulo 5 aplicouse un modelo de conservación á variación estacionalde osíxeno, carbono inorgánico disolto (CID) e nitrato en BATS e ESTOC paracalcular as taxas de produción neta da comunidade e remineralización someranesas dúas localizacións. O obxectivo disto foi verificar se diferencias nesastaxas son consistentes coas diferencias observadas nas taxas de exportaciónde carbono particulado. Para construír o modelo, que incluíu transporte ver-tical advectivo de Ekman, transporte horizontal xeostrófico e transporte difu-sivo, empregáronse 5 anos de datos de distribución de trazadores nas dúasestacións. O térmo biolóxico foi diagnosticado baixo a asunción de estadoestacionario. As taxas de produción neta calculadas dende a profundidadeda capa de mestura ata 110 m e dende abril ata decembro para osíxeno,CID e nitrato en BATS (1.34± 0.79 mol O2 m−2, −1.73± 0.52 mol C m−2 e−125±36 mmol N m−2) foron lixeiramente superiores para osíxeno e carbonocomparado con ESTOC (1.03± 0.62 mol O2 m−2, −1.42± 0.30 mol C m−2 e−213± 56 mmol N m−2), aínda que as diferenzas non foron estatisticamentesignificativas. Dado que a nosa aproximación non inclúe a produción que ten
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lugar na capa de mestura, de maneira particular durante a proliferación deinverno-primavera, non se pode descartar que se subestimase as diferenzas deprodución neta entre as dúas estacións. As taxas de remineralización someracalculadas de 110 a 250 m en ESTOC (−3.9± 1.0 mol O2 m−2, 1.53± 0.43mol C m−2 e 38± 155 mmol N m−2) foron estatisticamente superiores para oosíxeno respecto a BATS (−1.81± 0.37 mol O2 m−2, 1.52± 0.30 mol C m−2e 147 ± 43 mmol N m−2). A diverxencia do fluxo advectivo xeostrófico dostrazadores, que foi máis importante en ESTOC, foi responsable das diferen-zas que se observaron nas taxas de remineralización de osíxeno entre asdúas estacións. A comparación das nosas estimas de respiración cos fluxosverticais de carbono orgánico particulado demostrou que, mentres que unhafracción importante (25%) da remineralización somera se sostén por materiaorgánica particulada que sedimenta en BATS, esta fracción é moito menoren ESTOC (5%). De acordo con estes resultados, as diferenzas en produciónneta e respiración somera non poden explicar completamente as diferenzasnos fluxos de sedimentación de materia orgánica entre esas dúas estacións.No Capítulo 6 calculamos a respiración mesopeláxica (entre 150 e 700 m)na estación ESTOC. Para iso empregamos unha aproximación semellante á docapítulo anterior aplicada a datos climatolóxicos de osíxeno, CID e nitrato. Astaxas de respiración mesopeláxicas calculadas mediante o modelo foron 2.8–8.9molO2m2 a−1, 2.0–3.1mol Cm2 a−1 e 0.6–1.0molNm2 a−1, consistentescoa estequeometría de Redfield. As estimas do modelo mostraron unha moiboa comparación con estimas de respiración in vitro, derivadas de medidas deactividade do sistema de transporte de electróns (ETS) realizadas na mesmarexión ao final do período de proliferación invernal (3.61± 0.48molO2m−2 y−1).Os resultados do modelo indicaron ademais que os inventarios de osíxeno, CIDe nitrato estiveron dominados pola advección lateral xeostrófica. As taxas derespiración mesopeláxica obtidas para ESTOC foron comparables ás esti-mas xeoquímicas existentes na literatura para o mar dos Sargazos, perto daestación BATS (4.1–5.9molO2m−2 y−1, Jenkins and Goldman, 1985). Porén,a análise dos mecanismos de fornecemento de carbono aos dous lados doAtlántico desvela que, mentres que en NASE o transporte horizontal é afonte primaria de carbono orgánico que alimenta os procesos heterotróficos
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no mesopeláxico, en NASW os procesos verticais son os dominantes. SegundoAlonso-González et al. (2010) as partículas con baixa taxa de sedimentación,que non son capturados polas trampas de sedimento e que poden ser trans-portadas lateralmente, dominan a exportación de carbono orgánico na rexiónda Corrente de Canarias, cando menos durante as estacións menos produtivas.Así pois, dada a relevancia dos fluxos laterais no noso modelo en ESTOC,é razoable pensar que a advección lateral de partículas con baixa taxa desedimentación domine a exportación de carbono neste sitio. Isto poderíacontribuír a explicar as diferencias observadas na sedimentación de carbonoparticulado entre as dúas estacións, a pesar de que as taxas de produción erespiración non sexan tan diferentes.O traballo levado a cabo durante esta tese pon de manifesto a existenciade importantes diferencias rexionais nos mecanismos responsables do sub-ministro de nutrientes e da síntese e remineralización de materia orgánica enrexións tropicais e subtropicais dos océanos. De acordo coa nosa hipóteseinicial, demostramos que é importante ter en conta os efectos da difusión pordedos de sal á hora de cuantificar os inventarios de nitróxeno no océano. Apesar de que se describiron diferencias na magnitude e nos mecanismos decontrol da fixación de nitróxeno atmosférico, así como no proceso de rem-ineralización de materia orgánica entre NASE e NASW, contrariamente ásnosas hipóteses, esas diferencias non serviron para explicar a diferente mag-nitude dos fluxos de sedimentación de materia orgánica entre ambos lados doxiro subtropical do Atlántico Norte. No contexto do cambio global espéraseque teña lugar unha expansión dos xiros subtropicais oceánicos, de maneiraanáloga á expansión dos desertos terrestres (Polovina et al., 2008). Parapoder predicir o papel que xogará a biota mariña nos ciclos bioxeoqumicicose no sitema climático é imprescindible comprender a variabilidade, no tempoe no espazo, e os mecanismos de control dos diferentes procesos involucradosno funcionamento da bomba biolóxica de carbono nesas rexións.
9.3 Conclusións
As conclusións particulares da presente tese de doutoramento foron as seguintes:
196 Resumo
i. Na capa de mestura, difusividade media, Kρ (169 ·10−4 m2 s−1), e taxa dedisipación de enerxía cinética turbulenta media, ε (16.8 · 10−8 W kg−1),foron tres e unha orde de magnitude maiores, respectivamente, en com-paración co océano interior (0.59 · 10−4 m2 s−1 e 1.0 · 10−8 Wkg−1)
ii. A análise dos mecanismos responsables da xeración da turbulencia du-rante a expedición Malaspina por debaixo da capa de mestura indicou quea turbulencia xerada por inestabilidade de cizalla (ou Kelvin-Helmholtz)foi importante nas rexións ecuatoriais. Como consecuencia a difusividademedia no océano interior (2.27− 3.62 · 10−4 m2 s−1) foi máis elevada quenoutras rexións onde a difusión por ondas internas era dominante. Ascondicións de estratificación favorables para a formación de dedos de salforon observadas con frecuencia no Atlántico, onde a causa deste proceso,a difusividade para substancias disoltas incrementouse ata nun 20%.
iii. En xeral, a KPP mostrou unha boa reprodución das observacións de difu-sividade mediante medidas de microestrutura, tanto na capa de mesturacoma no océano interior. A KPP foi en xeral capaz de reproducir ospatróns rexionais observados da difusividade no océano interior
iv. A difusión de nitrato (171± 190 (± SD) µmolm−2 d−1) calculada durantea expedición Malaspina dominou sobre a fixación de nitróxeno (9.0± 9.4µmolm−2 d−1) como fonte de nitróxeno novo cara a capa fótica. A difusiónde nitrato mediada por dedos de sal foi responsable de arredor do 20%do subministro de nitróxeno novo en varias provincias bioxeoquímicas dosocéanos Atlántico e Índico
v. O modelo de diazotrofía regulado por optimalidade foi capaz de explicara fixación de nitróxeno observada en dúas estacións situadas na parteoeste (NASW) e leste (NASE) do xiro subtropical do Atlántico Norte enque a relación N:P do subministro de nutrientes é relativamente elevada.Para unha mellor representación das observacións foi necesario incluírno modelo a remineralización preferencial de fósforo e a deposición denitróxeno atmosférico.
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vi. O modelo predixo unha taxa de fixación máis importante na parte leste(49±15 µmol m−2 d−1) en comparación coa parte oeste (29±23 µmol m−2 d−1),debido que en NASE existe un maior nicho para a diazotrofía favorecidopor unha maior escaseza de nutrientes e unha menor proporción N:P dosubministro dos mesmos, sobre todo por unha menor deposición atmos-férica de N biodispoñible.
vii. As taxas de produción neta calculadas dende a profundidade da capade mestura ata 110 m e dende abril ata decembro para osíxeno, CID enitrato en BATS (1.34 ± 0.79 mol O2 m−2, −1.73 ± 0.52 mol C m−2 e−125 ± 36 mmol N m−2) foron lixeiramente superiores para osíxeno ecarbono comparado con ESTOC (1.03 ± 0.62 mol O2 m−2, −1.42 ± 0.30mol C m−2 e −213± 56 mmol N m−2), aínda que as diferenzas non foronestatisticamente significativas.
viii. As taxas de remineralización somera calculadas de 110 a 250 m en ES-TOC (−3.9± 1.0 mol O2 m−2, 1.53± 0.43 mol C m−2 e 38± 155 mmol Nm−2) foron estatisticamente superiores para o osíxeno respecto a BATS(−1.81 ± 0.37 mol O2 m−2, 1.52 ± 0.30 mol C m−2 e 147 ± 43 mmol Nm−2).
ix. As taxas de respiración mesopeláxicas calculadas mediante o modelo foron2.8–8.9molO2m2 a−1, 2.0–3.1mol Cm2 a−1 e 0.6–1.0molNm2 a−1, con-sistentes con estimas de respiración in vitro (3.61± 0.48molO2m−2 y−1)e comparables ás estimas xeoquímicas existentes para a estación BATS.
x. A análise dos mecanismos de fornecemento de carbono aos dous lados doAtlántico desvela que, mentres que en NASE o transporte horizontal é afonte primaria de carbono orgánico que alimenta os procesos heterotrófi-cos no mesopeláxico, en NASW os procesos verticais son os dominantes.
xi. As diferencias nas estimas de modelado da fixación de nitróxeno atmos-férico e de procesos de remineralización de materia orgánica non servironpara explicar a diferente magnitude dos fluxos de sedimentación de ma-teria orgánica entre NASW e NASE.
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A.1 Implementation of the K-profile parameteriza-tion
The K-profile parameterization (KPP) described by (Large et al., 1994) wasused to compute vertical temperature diffusivity (KT ). In this model the wa-ter column is divided in the upper boundary layer, where wind stress andbuoyancy fluxes are the main mechanisms responsible for the mixing, and thelower ocean interior where mixing is mainly produced by shear instability,internal waves and double diffusion.The model grid was determined from the LADCP bins as db = 10 : 10 :300 m. Temperature, salinity and buoyancy frequency were bin-averagedevery ten meters at the model grid (db), and the central points of the grid(d = 15, 25, ..., 295 m). Vertical diffusivity (K ) was computed at d. Theparameterization can be implemented for both salt (solutes) and heat, withsmall differences between them. In this study only the implementation forheat (KT ) was used.In order to establish the conditions for the parameterization at the lowerlimit of the boundary layer, K was first computed for the whole grid usingthe parameterization for the ocean interior. Then, the depth of the boundarylayer was determined, the conditions for the lower limit of the boundary layerset, and finally K values for the boundary layer were calculated and constant
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molecular diffusion was added (KmolT = 10−7 m2 s−1). Atmospheric buoyancyfluxes and wind stress were used in the last two steps.
A.1.1 Ocean interior parameterization
Ocean interior diffusivity (K oi) was parameterized as the sum of three pro-cesses: local Richardson number instability (K s), internal waves breaking(K iw) and double diffusion (K dd):
K oi(d) = K s(d) + K iw(d) + K dd(d) (A.1)
The tendency for shear instability to develop was characterized by the gra-dient Richardson number:
Ri = N2(∂zU)2 + (∂zV )2 , (A.2)
where N is the buoyancy frequency computed from the ordered potentialdensity profile by using the Millero and Poisson (1981) formulation, and Uand V the horizontal velocity components. K s was parameterized as a functionof Ri:
K s = K s0 , Ri < 0 (A.3)K s = K s0 [1− (Ri(d)/Ri0)]p1 , 0 < Ri < Ri0 (A.4)K s = 0, Ri0 < Ri (A.5)
where K s0 = 50 × 10−4 m2 s−1, p1 = 3 and Ri0 = 0.7 is the critical gradi-ent Richarson number indicating the maximum limit for turbulent mixing tohappen. A constant value of Kiw = 10−5 m2 s−1 was used to represent thebackground internal wave mixing.Double diffusion was parameterized as a function of the local density ratioRρ(d) = α∂zT /β∂zS, following Schmitt (1981) for salt fingers and Kelley(1990) for diffusive convection. Temperature (T ) and salinity (S) gradientswere estimated at the center of the bins (d), as well as the thermal expansion
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(α) and haline contraction (β) coefficients. For temperature:
K ddT = 0, Rρ ≥ R0ρ (A.6)
K ddT = 0.7 · 10 · 10−4
1−(Rρ − 1R0ρ − 1
)23 , 1.0 < Rρ < R0ρ (A.7)
K ddT = 8.7νR1.1ρ , 0 < Rρ ≤ 1 (A.8)K ddT = 0, Rρ ≤ 0 (A.9)
where R0ρ = 1.9 is the critial density ratio and ν = 1.5 · 10−6 m2 s−1.
A.1.2 Determination of the depth of the boundary layer
The determination of the depth of the boundary layer (h) was based on thebulk Richardson number at the border of the bins (db = 10, 20, ..., 300 m):
Ri(db) = (Br − B(db))db| ~Vr − ~V (db)|+Vt(db)2 (A.10)
where ~V represents the horizontal velocity vector, and the subscript r repre-sents reference values averaged over the layer close to the surface (d < εh,ε = 0.1), where the Monin-Obukhov similarity theory applies. In our casereference values were evaluated at the first border of the grid (db = 10 m),because the grid was too coarse for averaging in the surface layer.The boundary layer limit was determined as the first border where Ri >Ric = 0.3, and it was noted by hb = db(ihb), where ib is the index of thecorresponding border. The depth of the boundary layer was determined bylinear interpolation between ib and ib − 1, as the depth where Ri = 0.3.The unresolved turbulent velocity shear, Vt(db), was estimated from:
V 2t = Cv (−βT )1/2Ricκ2 (csε)−1/2dbNws(σb) (A.11)where Cv = 1.5, βT = −0.2, cs = 98.96, ε = 0.1 and σb = db/h. ws is the
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salinity/scalar turbulent velocity scale computed as:
ws(σb) = κu∗φs(εh/LMO) , ε < σb < 1 and ζ < 0 (A.12)ws(σb) = κu∗φs(σbh/LMO) , otherwise (A.13)
where ζ = z/LMO is the stability parameter, and the function φs was pre-scribed as:
φs = 1 + 5ζ, 0 6 ζ (A.14)φs = (1− 16ζ)1/2, ζs 6 ζ < 0 (A.15)φs = (as − csζ)−1/3, ζ < ζs (A.16)(A.17)
where ζs = −1.0 and as = −28.86.
A.1.3 Boundary layer parameterization
The vertical diffusivity in the boundary layer was computed as:
K bl(σ ) = hws(σ )G(σ ) (A.18)
where σ = d/h and G represents the nondimensional vertical shape functioncomputed as: G(σ ) = a0 + a1σ + a2σ 2 + a2σ 3 (A.19)being a0 = 0 to asses that there is no transport across the sea surface.The other coefficients were set to satisfy requirements of the Monin-Obukhovsimilarity theory, and also to insure continuity of K at h:
a1 = 1 (A.20)a2 = −2 + 3G(1)− ∂σG(1) (A.21)a3 = 1− 2G(1) + ∂σG(1) (A.22)
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The matching was achieved with:
G(1) = K oi(h)hws(1) (A.23)∂σG(1) = −∂zK oi(h)ws(1) − K oi(h)∂σws(1)hw2s (1) (A.24)
Under unstable and neutral forcing (ζ 6 0) the ∂σws(1) term vanishes, whereasthis term reduces to 5κK oi(h)Bfu∗−4 under stable forcing (ζ > 0). The valueof K oi(h) was interpolated from the neighbouring grid points as:
K oi(h) = K oi(dn) + ∂zK oi(h)(dn − h), (A.25)
where n = ihb−1 if db(ihb−1) < h < d(ihb−1) and n = ihb if d(ihb−1) < h <d(ihb). For simplicity, and to avoid negative diffusivity values in the boundarylayer due to the strong gradients of K oi near h, ∂zK oi(h) was set to zero.
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A.2 Supplementary Figures and Tables
Supplementary Table A.1: Details and environmental conditions (air temperature (Tair),sea surface temperature (Tss), wind speed (uwind), total buoyancy flux (Bf ), mixed layerdepth (MLD) and Monin-Obukhov length scale (LMO)) during the microstructure turbulence(MSS) profiler deployments. Prov. refers to the biogeographical province where each stationwas sampled: NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gy-ral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral), SPSG (South PacificSubtropical Gyre), PEQD (Pacific Equatorial Divergence), PNEC (North Pacific EquatorialCountercurrent), NPTG (North Pacific Tropical Gyre) and CARB (Caribbean) provinces. L. isleg, St. station number and No. of drops is the number of MSS profiles conducted at eachstation.
L. St. Lat. Long. Date Starting Prov. Tair Tss uwind Bf MLD LMO No ofTime 10−7· drops(◦N) (◦E) (UTC) (◦C) (◦C) (m s−1) (W Kg−1) (m) (m)3 29.69 -17.28 12/19/2010 10:35 NASE NaN NaN NaN NaN 102 NaN 37 21.47 -23.45 12/23/2010 14:56 NATR 22.54 24.10 6.4 -1.4 73 8.20 310 14.50 -26.03 12/26/2010 10:28 NATR 24.72 26.99 9.2 -0.89 49 45.1 31 13 7.33 -26.01 12/29/2010 11:10 WTRA 26.50 27.82 7.1 -3.3 43 4.89 416 0.24 -26.02 1/1/2011 08:27 WTRA 26.29 27.93 7.9 0.99 68 -22.4 217 -3.02 -27.36 1/2/2011 13:15 WTRA 27.11 27.33 9.4 -3.4 73 11.2 320 -9.08 -30.20 1/5/2011 12:29 SATL 27.12 27.67 8.2 -6.7 76 3.63 323 -15.81 -33.43 1/8/2011 12:52 SATL 26.93 27.49 8.2 -5.2 72 4.81 329 -25.40 -30.16 1/21/2011 12:28 SATL 27.19 27.34 4.4 -2.4 41 1.30 432 -26.89 -21.43 1/24/2011 11:33 SATL 24.14 24.76 8.1 -6.2 41 3.87 335 -28.59 -11.82 1/27/2011 11:32 SATL 22.78 23.94 5.3 -0.84 51 7.36 32 37 -29.68 -5.36 1/29/2011 11:30 SATL 22.74 23.35 5.1 -7.3 49 0.712 238 -30.24 -2.44 1/30/2011 11:54 SATL 24.10 22.91 3.1 -6.6 41 0.121 440 -31.29 3.71 2/1/2011 12:19 SATL 24.48 22.04 2.1 -7.5 33 0.0044 341 -31.77 6.81 2/2/2011 10:56 SATL 20.86 21.69 6.4 -6.4 62 1.72 343 -32.79 12.75 2/4/2011 12:04 SATL 20.73 21.30 7.5 -3.4 50 5.23 44 71 -37.29 124.88 3/21/2011 02:35 SSTC 16.46 19.74 9.2 -1.0 75 40.6 277 -38.68 150.42 3/28/2011 00:22 AUSE 18.93 18.06 4.2 -3.0 60 0.816 382 -25.44 -179.15 4/19/2011 20:11 SPSG 21.67 24.63 9.9 -0.0043 99 12464 483 -23.35 -178.24 4/20/2011 20:19 SPSG 21.21 24.40 9.3 1.4 67 -31.3 385 -18.55 -175.83 4/22/2011 18:00 SPSG 25.01 28.11 5.8 2.2 42 -4.08 587 -13.53 -173.41 4/24/2011 22:27 SPSG 29.73 29.57 6.2 -5.2 64 1.83 45 88 -11.19 -172.69 4/25/2011 21:11 SPSG 29.01 29.68 5.3 -5.0 74 1.19 490 -7.04 -171.50 4/27/2011 22:12 PEQD 28.43 29.61 6.2 -2.4 89 4.20 491 -5.73 -170.79 4/28/2011 20:39 PEQD 28.71 28.93 8.1 -3.8 81 6.11 394 1.63 -166.51 5/1/2011 20:12 PEQD 27.32 27.92 7.4 -0.18 107 97.0 397 9.23 -163.58 5/4/2011 20:52 PNEC 27.45 27.81 9.3 -3.6 89 10.3 3102 21.57 -153.43 5/15/2011 19:58 NPTG 24.40 24.99 6.6 -5.4 66 2.23 3103 21.05 -150.45 5/16/2011 19:52 NPTG 23.13 24.94 8.4 -2.6 93 11.1 3104 20.80 -148.33 5/17/2011 19:26 NPTG 23.17 24.43 8.1 -4.3 85 5.91 4107 19.28 -138.98 5/20/2011 20:17 NPTG 22.71 23.90 7.5 -6.4 110 3.04 2108 18.65 -136.22 5/21/2011 19:19 NPTG 22.34 22.77 9.6 -2.8 67 15.7 4109 18.06 -133.33 5/22/2011 18:51 NPTG 21.50 23.15 10.6 -1.3 112 49.4 4111 16.60 -127.65 5/24/2011 18:29 NPTG 20.87 22.05 9.7 -0.97 55 48.4 36 112 15.90 -124.52 5/25/2011 18:08 NPTG 20.68 23.42 9.2 -3.5 53 11.4 3115 13.70 -115.76 5/28/2011 17:24 NPTG 24.00 25.37 4.9 -3.7 51 1.35 3116 13.18 -113.26 5/29/2011 17:06 PNEC 24.89 26.79 3.7 -5.7 58 0.392 3117 12.84 -110.38 5/30/2011 14:32 PNEC 25.20 28.46 2.5 -0.65 52 1.26 6118 11.96 -108.02 5/31/2011 16:47 PNEC 27.99 29.21 2.9 -5.0 49 0.211 3121 10.05 -99.25 6/3/2011 15:52 PNEC 27.99 29.73 5.3 -2.3 38 2.77 3123 8.80 -93.13 6/5/2011 16:02 PNEC 27.84 29.08 5.6 -5.6 12 1.30 3124 8.15 -90.33 6/6/2011 14:53 PNEC 27.28 28.29 6.7 -3.4 15 3.70 3125 7.20 -87.88 6/7/2011 15:56 PNEC 27.11 28.60 7.3 -2.1 19 7.88 3128 14.22 -71.76 6/21/2011 13:17 CARB 27.89 28.92 9.9 -3.0 55 15.5 3131 17.42 -59.83 6/25/2011 13:43 CARB 28.65 29.62 5.0 -0.34 41 15.4 3134 20.00 -52.41 6/28/2011 12:14 NATR 27.76 28.49 10.5 -1.4 43 40.6 37 137 22.85 -44.53 7/1/2011 12:35 NATR 26.36 27.50 6.3 -4.6 39 2.29 3140 26.11 -35.32 7/4/2011 10:57 NASE 22.96 25.58 10.6 -0.32 58 201 3143 28.86 -26.95 7/7/2011 07:46 NASE 21.52 23.32 7.8 0.76 75 -30.4 3146 32.06 -17.28 7/10/2011 09:47 NASE 19.66 21.48 10.3 0.40 51 -149 3
Supplementary Table A.2: Averages of dissipation rates of turbulent kinetic energy (ε) anddiapycnal diffusivity (Kρ) computed in the mixed layer (ml) and the ocean interior (oi) frommicrostructure turbulence observations. 95% confidence intervals are shown in brackets. L.stands for leg and Prov. for biogeographical province. NMSS represents the number of databins used for each calculation.
L. St. Prov. NMSS 〈ε〉ml 〈Kρ〉ml NMSS 〈ε〉oi 〈Kρ〉oi10−8·(W Kg−1) 10−4 ·(m2 s−1) 10−8 ·(W Kg−1) 10−4·(m2 s−1)3 NASE 233 1.6 [1.4-2.1] 44.6 [35.5-57.0] 401 1.4 [0.8-2.8] 1.60 [0.82-3.78]7 NATR 152 0.34 [0.30-0.44] 3.54 [2.96-4.34] 454 0.29 [0.26-0.35] 0.118 [0.100-0.146]10 NATR 97 4.4 [3.5-5.9] 23.7 [18.3-29.3] 512 0.34 [0.29-0.47] 0.137 [0.105-0.191]1 13 WTRA 122 306 [103-887] 953 [272-2237] 706 0.26 [0.23-0.35] 0.135 [0.124-0.149]16 WTRA 59 23 [19-32] 220 [158-284] 318 9.9 [7.7-12.9] 10.0 [6.4-16.1]17 WTRA 154 0.11 [0.09-0.15] 0.719 [0.593-0.964] 469 0.20 [0.16-0.27] 0.219 [0.200-0.243]20 SATL 148 111 [22-347] 268 [81-783] 472 0.27 [0.22-0.38] 0.046 [0.038-0.057]23 SATL 188 0.61 [0.33-1.87] 1.71 [1.37-2.85] 639 0.11 [0.10-0.12] 0.034 [0.030-0.040]29 SATL 103 0.34 [0.14-0.68] 0.485 [0.294-0.840] 738 0.16 [0.15-0.18] 0.103 [0.090-0.121]32 SATL 0 NaN [NaN-0.00] NaN [NaN-0.000] 633 0.35 [0.27-0.47] 0.129 [0.115-0.147]35 SATL 0 NaN [NaN-0.00] NaN [NaN-0.000] 624 0.20 [0.18-0.26] 0.100 [0.093-0.111]2 37 SATL 49 2.1 [1.4-4.6] 1.41 [0.85-2.11] 371 0.27 [0.24-0.34] 0.212 [0.190-0.232]38 SATL 23 0.90 [0.61-1.45] 0.621 [0.358-0.968] 807 0.91 [0.72-1.15] 0.745 [0.598-1.027]40 SATL 0 NaN [NaN-0.00] NaN [NaN-0.000] 619 1.2 [1.0-1.5] 1.37 [1.14-1.72]41 SATL 22 5.2 [2.3-12.5] 5.55 [2.82-10.09] 1035 2.9 [1.8-5.2] 0.872 [0.737-1.179]43 SATL 87 0.29 [0.24-0.42] 0.486 [0.406-0.603] 751 0.58 [0.50-0.74] 0.272 [0.243-0.320]4 71 SSTC 109 6.2 [5.0-8.3] 112 [88-147] 261 9.3 [1.1-33.8] 5.46 [0.64-20.16]77 AUSE 160 7.4 [6.1-9.6] 86.4 [61.5-131.5] 506 0.26 [0.23-0.35] 0.131 [0.113-0.150]82 SPSG 282 18 [16-22] 307 [267-363] 592 2.0 [1.6-2.4] 0.496 [0.395-0.621]83 SPSG 148 11 [9-13] 87.0 [70.1-112.7] 508 2.4 [1.7-3.6] 0.324 [0.254-0.421]85 SPSG 118 3.3 [2.7-4.9] 19.0 [14.2-28.0] 1086 1.4 [1.2-1.8] 0.187 [0.165-0.215]87 SPSG 106 0.19 [0.16-0.25] 0.759 [0.622-1.045] 927 1.6 [1.3-1.9] 0.460 [0.380-0.610]5 88 SPSG 119 5.0 [2.2-11.0] 4.68 [2.74-8.63] 831 0.45 [0.35-0.69] 0.095 [0.077-0.139]90 PEQD 250 1.2 [0.8-1.9] 0.941 [0.717-1.261] 784 0.74 [0.61-1.07] 0.187 [0.151-0.252]91 PEQD 66 52 [35-99] 324 [223-505] 683 5.7 [4.5-7.5] 5.22 [3.66-7.88]94 PEQD 204 3.8 [3.1-4.7] 84.2 [72.2-100.2] 410 1.9 [1.5-2.9] 7.53 [4.94-11.72]97 PNEC 220 6.0 [4.6-7.9] 57.9 [47.9-71.8] 497 1.7 [1.0-2.9] 0.125 [0.101-0.196]102 NPTG 150 1.7 [1.0-2.8] 4.25 [2.78-7.87] 498 0.47 [0.39-0.64] 0.128 [0.109-0.156]103 NPTG 206 0.60 [0.43-0.87] 1.38 [0.98-1.93] 504 0.70 [0.57-0.93] 0.211 [0.125-0.425]104 NPTG 251 0.84 [0.70-1.04] 14.0 [12.1-15.9] 648 0.36 [0.31-0.43] 0.069 [0.062-0.082]107 NPTG 78 4.6 [3.7-7.2] 37.9 [23.1-69.9] 362 0.25 [0.22-0.35] 0.166 [0.140-0.204]108 NPTG 148 9.1 [6.8-11.9] 85.6 [72.1-116.1] 722 0.23 [0.21-0.26] 0.044 [0.040-0.052]109 NPTG 165 13 [8-29] 161 [127-257] 948 0.43 [0.37-0.51] 0.458 [0.307-0.788]111 NPTG 84 2.0 [1.4-3.1] 12.4 [8.9-16.7] 739 0.68 [0.56-0.95] 0.157 [0.135-0.192]6 112 NPTG 85 1.5 [1.0-2.1] 4.14 [3.07-6.96] 546 0.37 [0.29-0.49] 0.085 [0.070-0.119]115 NPTG 55 0.26 [0.20-0.41] 0.341 [0.243-0.540] 587 0.33 [0.27-0.41] 0.069 [0.063-0.076]116 PNEC 138 0.45 [0.39-0.52] 5.71 [5.05-6.64] 549 0.37 [0.28-0.54] 0.109 [0.092-0.146]117 PNEC 230 10.0 [8.5-11.7] 89.3 [77.9-108.2] 1437 0.88 [0.75-1.14] 0.196 [0.172-0.225]118 PNEC 94 5.9 [3.7-9.3] 2.56 [1.57-4.02] 557 1.1 [0.8-1.6] 0.106 [0.091-0.142]121 PNEC 73 1.1 [0.9-1.4] 4.66 [3.44-6.37] 553 0.44 [0.27-0.98] 0.065 [0.059-0.073]123 PNEC 0 NaN [NaN-0.00] NaN [NaN-0.000] 633 0.13 [0.12-0.15] 0.101 [0.096-0.108]124 PNEC 8 88 [19-201] 2.08 [0.60-4.20] 601 0.81 [0.20-2.91] 0.119 [0.111-0.141]125 PNEC 13 7.2 [1.6-19.1] 0.418 [0.134-1.400] 582 0.27 [0.20-0.40] 0.073 [0.065-0.082]128 CARB 146 7.4 [5.7-9.9] 58.4 [47.5-72.1] 706 0.37 [0.29-0.52] 0.045 [0.035-0.070]131 CARB 90 1.1 [0.8-1.5] 7.86 [6.05-9.85] 594 0.30 [0.27-0.36] 0.055 [0.050-0.065]134 NATR 83 10 [8-13] 90.8 [54.5-121.7] 574 0.66 [0.52-0.95] 0.142 [0.113-0.175]7 137 NATR 66 4.0 [2.8-7.1] 13.4 [7.7-26.4] 696 0.76 [0.61-1.06] 0.217 [0.173-0.293]140 NASE 93 4.2 [3.6-5.3] 32.6 [25.9-41.3] 655 0.19 [0.17-0.23] 0.172 [0.154-0.207]143 NASE 157 22 [15-42] 164 [130-219] 647 0.31 [0.20-0.63] 0.196 [0.179-0.234]146 NASE 68 12854 [4022-32314] 14927 [5958-41538] 696 0.25 [0.18-0.38] 0.321 [0.254-0.461]
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SupplementaryTableA.3:Photiclayerdepth-integratedN2 fixationrates(N2 fix.),Trichodesmiumspp.abundanceintheupper200m
(Trichabun.),nitrategradient(∂[NO3 ]/∂z),verticaldiffusivity(Kt+sf )andnitratediffusivefluxes(Fluxt+sf NO3 )duetosaltfingersplus
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a b s t r a c t
Measurements of microstructure turbulence were carried out, in the upper 300 m, in the tropical and
subtropical Atlantic and Paciﬁc oceans during the Malaspina 2010 expedition, by using a microstructure
turbulence (MSS) proﬁler. Diapycnal diffusivity (Kρ) was estimated from dissipation rates of turbulent
kinetic energy (ε) measured by the MSS proﬁler, and also from hydrographic and meteorological data by
using the K-proﬁle parameterization (KPP). In the mixing layer, averaged Kρ (169 104 m2 s1) and
ε (16:8 108 W kg1) were three and one orders of magnitude higher, respectively, compared to the
ocean interior (0:59 104 m2 s1 and 1:0 108 W kg1). In general, the KPP showed a good
agreement with diffusivity estimates derived from microstructure observations, both in the mixing
layer and in the ocean interior. The KPP also reproduced the main regional patterns observed in the
ocean interior. The analysis of turbulence generation mechanisms below the mixing layer showed that
shear-induced mixing was more important in those regions inﬂuenced by the equatorial undercurrent,
where averaged diffusivity was 2:27–3:62 104 m2 s1. Favorable conditions for salt ﬁngers formation
were more frequently observed in the Atlantic, where, as a consequence of this process, diffusivity could
increase up to 20%. This result could have important implications for the transport of heat and dissolved
substances in these regions.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Turbulence plays a crucial role in ocean dynamics and global
biogeochemical cycles through the redistribution of heat, salt and
nutrients across isodensity surfaces (Thorpe, 2004). Diapycnal
turbulent diffusion is essential to maintain ocean stratiﬁcation
and the meridional overturning circulation (Munk, 1966; Wunsch
and Ferrari, 2004). Vertical diffusion of nitrate represents one of
the main pathways of new nitrogen supply into the euphotic layer
over large extensions of the open ocean (Mourino–Carballido et al.,
2011). Moreover, turbulence through nutrient supply controls the
taxonomic composition and the size–structure of plankton com-
munities (Chisholm, 1992), which in turn determines the efﬁciency
of the biological carbon pump (Falkowski and Oliver, 2007).
Several mechanisms are responsible for the generation of turbu-
lence in the ocean. In the surface layer, turbulence is generated due to
the interaction with the atmosphere by the exchange of density
through heat and freshwater ﬂuxes, the transfer of momentum
through wind stress (Moum and Smyth, 2001), as well as by wave
processes resulting in Langmuir turbulence (Belcher et al., 2012). In the
stratiﬁed ocean interior, turbulence generation mechanisms include
double diffusive and mechanical processes, such as shear instability
and internal waves. Double diffusion occurs, under stable stratiﬁcation
conditions, as diffusive convection or salt ﬁngers, when temperature
or salinity proﬁles are unstable. Salt ﬁngering is relevant in tropical
and subtropical central waters, where warm and salty layers overlie
cooler and fresher waters (Schmitt, 1981). Shear instability develops in
stratiﬁed ﬂows when vertical velocity shear overcomes the stabilizing
effect of the buoyancy gradient. This process commonly happens in
regions characterized by relatively strong shear induced by currents, as
for example the equatorial domains (Moum et al., 1986; Gargett, 1989).
Finally, mixing in stratiﬁed regions away from boundaries, where
double diffusion is not important, is considered to be primarily driven
by unresolved internal-waves shear (Munk and Wunsch, 1998).
Due to methodological limitations, microstructure turbulence
has been extremely difﬁcult to measure in the past. Although the
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use of free-falling microstructure proﬁlers has become more
common in the last few years, our current knowledge of the
magnitude and global distribution of turbulence in the ocean is
still scarce. A limited number of microstructure measurements
carried out in the open ocean during the last 30 years of the 20th
century were compiled by Gregg (1998). In more recent years, a
few studies have been conducted across long distances in the
Atlantic (Mourino–Carballido et al., 2011; Jurado et al., 2012b,
2012a), Arctic (Rainville and Winsor, 2008) and Paciﬁc oceans
(Gregg et al., 2003; Hibiya et al., 2007), and also the Mediterranean
Sea (Cuypers et al., 2012). Microstructure proﬁlers have been more
frequently used to characterize the distribution of diffusivity in
different parts of the ocean. However, these instruments have also
been applied to calculate the oxygen supply in oxygen minimum
zones (Fischer et al., 2013), the vertical ﬂux of nitrate into the
photic layer (Lewis et al., 1986; Hamilton et al., 1989; Sharples
et al., 2009; Schafstall et al., 2010; Mourino–Carballido et al., 2011;
Arcos-Pulido et al., 2014), and to study the inﬂuence of small-scale
turbulence on the vertical distribution of plankton (Kunze et al.,
2006a; Maar et al., 2003; Doubell et al., 2012).
Because of the scarcity of turbulence observations, a number of
parameterizations have been developed during the last 20 years to
estimate the vertical diffusivity and the contribution of different
mechanisms to mixing. Internal waves interaction theories have
been used to predict energy transfer through the vertical wave-
number spectrum towards small scales and turbulence production
(Henyey et al., 1986). This parameterization, in the form proposed
by Gregg (1989), has been frequently applied to estimate turbulent
mixing and nutrient ﬂuxes from ﬁnescale measurements of
hydrography and currents (Gregg et al., 2003; Dietze et al., 2004;
Kunze et al., 2006b; Cuypers et al., 2012). Several parameteriza-
tions have also been proposed for shear instability (Pacanowski
and Philander, 1981; Jackson et al., 2008) and double diffusive
processes (Schmitt, 1981; Kelley, 1990). The K-proﬁle parameter-
ization (KPP) proposed by Large et al. (1994), and frequently used
in ocean models (Haidvogel et al., 2008), parameterizes the upper
boundary layer based on the Monin–Obukhov similarity theory.
For the ocean interior the KPP includes the contribution of shear
instability, internal waves and double diffusion to mixing.
Measurements of microstructure turbulence collected during the
Malaspina 2010 expedition, which sampled large areas in the main
tropical and subtropical oceans, represent a unique opportunity to
study the large-scale distribution of mixing. Here we analyze this
dataset in order to (1) describe regional patterns of dissipation rates of
turbulent kinetic energy (ε) and diapycnal diffusivity (Kρ), (2) study
the regional variability in the mechanisms responsible for the genera-
tion of turbulence, and (3) verify the performance of the KPP
parameterization under different hydrographical conditions.
2. Methods
Field observations were carried out mainly in the tropical and
subtropical Atlantic, Indian and Paciﬁc oceans between 14th
December 2010 and 14th July 2011 during the Malaspina 2010
circumnavigation expedition on board R/V Hespérides. The cruise
was divided into 7 legs: leg 1 (14th December 2010, Cádiz–13th
January 2011, Rio de Janeiro), leg 2 (17th January, Rio de Janeiro–
6th February, Cape Town), leg 3 (11th February, Cape Town–13th
March, Perth), leg 4 (17th March, Perth–30th March, Sidney), leg 5
(16th April, Auckland–8th May, Honolulu), leg 6 (13th May,
Honolulu–10th June, Cartagena de Indias), and leg 7 (19th June,
Cartagena de Indias–14th July, Cartagena) (see Fig. 1).
2.1. Hydrography and currents
During the Malaspina expedition 147 Conductivity–Temperature–
Depth (CTD) casts were carried out with a SBE911plus (Sea-Bird
Electronics) probe attached to a rosette equipped with Niskin bottles,
down to a depth of 4000m. All CTD sensors were calibrated before the
expedition. Horizontal currents were measured in 128 of these stations
using a Lowered Acoustic Doppler Current Proﬁler (LADCP) system
mounted on the rosette. The LADCP consists of two 300 kHz Teledyne/
RDI Workhorses run in master/slave mode. The LADCP data were
processed using the software developed by Fischer and Visbeck (1993),
and provided current proﬁles with a vertical resolution of 10m.
2.2. Dissipation rates of turbulent kinetic energy and thermal
variance
Measurements of dissipation rates of turbulent kinetic energy
(ε) were conducted at 50 stations by using a microstructure
turbulence proﬁler (MSS, Prandke and Stips, 1998), down to a
maximum depth of 300 m. 2–6 proﬁles were deployed at each
station, resulting in a total number of 266 (see Table 1 in the
Supplementary Material). The proﬁler was equipped with two
microsctructure shear sensors (type PNS06), a microstructure
temperature sensor (FP07), a high-precision CTD probe and also
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Fig. 1. Location of the Lowered Acoustic Doppler Current Proﬁler (LADCP, white circles) and microstructure turbulence proﬁler (MSS, crosses) stations carried out during the
Malaspina expedition. Black circles indicate those stations where both LADCP and MSS equipments were deployed. Leg 1 (14th December 2010, Cádiz–13th January 2011, Rio
de Janeiro), leg 2 (17th January, Rio de Janeiro–6th February, Cape Town), leg 3 (11th February, Cape Town–13th March, Perth), leg 4 (17th March, Perth–30th March, Sidney),
leg 5 (16th April, Auckland–8th May, Honolulu), leg 6 (13th May, Honolulu–10th June, Cartagena de Indias) and leg 7 (19th June, Cartagena de Indias–14th July, Cartagena).
Main biogeographical provinces crossed during the expedition, according to (Longhurst, 2006), are shown in the map: NASE (NE Atlantic Subtropical Gyral), NATR (North
Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral), SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC
(North Paciﬁc Equatorial Countercurrent), NPTG (North Paciﬁc Tropical Gyre), CARB (Caribbean) and ISSG (Indian South Subtropical Gyre).
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a sensor to measure the horizontal acceleration of the proﬁler. The
frequency of data sampling was 1024 Hz. The proﬁler was carefully
balanced to have negative buoyancy in the water column and a
sinking velocity of  0:4–0:7 m s1. The shear sensors were
calibrated before the cruise and the sensitivity was checked after
each cast during the data processing. Due to technical problems,
only one of the two shear sensors was properly working during
the second part of leg 2 (stations 37–43) (see below). At the end of
this leg, the equipment was taken ashore for repair and as a result,
no microstructure turbulence data are available for leg 3.
Due to signiﬁcant turbulence generation close to the ship, the
data were considered to be reliable below 10 m. ε was computed
in 512 data point segments, with 50% overlap, from the shear






where ν is the kinematic viscosity of seawater, ∂u=∂z the vertical
shear and 〈  〉 represents the ensemble average. The shear variance
was computed by integrating the shear power spectrum. The
lower integration limit was determined considering the size of
the bins, and set to 2 cpm. The upper cut-off wavenumber for the
integration of the shear spectrum was set as the Kolmogoroff
number (kc ¼ 1=ð2πÞ  ðε=ν3Þ1=4 cpm). An iterative procedure was
applied to determine kc. The maximum upper cut-off was not
allowed to exceed 30 cpm to avoid the noisy part of the spectrum.
Assuming a universal form of the shear spectrum, ε was corrected
for the loss of variance below and above the used integration
limits, using the polynomial functions reported by Prandke et al.
(2000). ε values were then averaged in 1 m bins. Peaks due to
particle collisions were removed by comparing the dissipation
rates computed simultaneously from the two shear sensors.
Fig. 2 shows shear power spectra for different dissipation rates
spanning the range of the observed values. In general, a good
agreement with the theoretical Nasmyth spectrum was found for
ε4109 W kg1. Below this level the empirical spectrum showed
a ﬂatter shape, in comparison with the theoretical spectrum,
indicating the proximity to the noise level, in good agreement
with previous reports (Fischer, 2011). We calculated that the
consideration of ε values below the detection limit of the MSS
proﬁler (ca. 109 W kg1) overestimated station averages by about
8%, although the overestimation mainly affected a few stations
where dissipation was o5 109 W kg1.
The dissipation rate of thermal variance (χ) was calculated by
ﬁtting the temperature gradient spectrum, computed in 512 data
point segments, to the theoretical Kraichnan spectrum (Sanchez et
al., 2011) in the noise free region (2–40 cpm). Previously, the
microstructure temperature signal was smoothed by averaging
over 20 data points, the gradient calculated, and then smoothed by
repeating the average over 20 data points. Due to technical
problems no χ estimates are available for leg 5.
2.3. Thorpe length scale, mixing and mixed layers
We used the Thorpe length scale (LT, Thorpe, 1977) to estimate
the length scale of turbulent overturns. The Thorpe length scale
Fig. 2. Power spectral density (PSD) of microstructure shear for different levels of dissipation rates of turbulent kinetic energy ε. Empty squares represent the empirical
spectrum. Two values of ε, in W kg1, are shown. The upper ε1 was calculated from the iterative integration method, whereas ε2 was obtained by least square ﬁtting to the
theoretical Nasmyth spectrum. Black thick continuous and dashed lines represent the theoretical spectra corresponding to ε1 and ε2 values, respectively. The Kolmogoroff
wavelength (kc) corresponding to ε1 is indicated by the continuous vertical lines. Dashed vertical lines indicate the upper limit for integration and ﬁtting (30 cpm).
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was calculated in 1 m bins as the root mean square of the Thorpe
displacements, computed after resorting the potential density
proﬁle in order to obtain static stability. LT was calculated using
the standard CTD sensors included in the MSS proﬁler. Following
Brainerd and Gregg (1995), the mixing layer depth, noted as mld,
was estimated as the deepest depth where surface and subsurface
overturns penetrate. The mixed layer depth, noted in capitals as
MLD, was calculated as the depth where local potential density
exceeded by 0.1 kg m3 the value of the shallowest data point.
2.4. Vertical diffusivity
Diapycnal diffusivity (Kρ) was calculated using the popular
Osborn (1980) ‘dissipation method’. This model is derived from the
turbulent kinetic energy equation, assuming that energy produc-
tion is balanced by the sum of the work done against buoyancy






where N2 (s2) is the squared buoyancy frequency, and Γ is the
mixing efﬁciency, derived from the ﬂux Richardson number (Rf) as
Γ ¼ Rf =ð1Rf Þ, where Rf is the proportion of turbulent kinetic
energy generated by shear that is transferred to potential energy
through buoyancy ﬂux (Dunckley et al., 2012). An additional
assumption of the Osborn (1980) model is that Γ ¼ 0:2 is constant
(Oakey, 1982). Recent studies have questioned this assumption
(Barry et al., 2001; Smyth et al., 2001; Shih et al., 2005; Ivey et al.,
2008; Lozovatsky and Fernando, 2013), and parameterizations for
Γ have been proposed as a function of the gradient Richardson
number (Ri¼N2=S2, where S is the vertical shear, e.g. Lozovatsky
et al., 2006; Mellor and Yamada, 1982), the turbulence intensity
parameter (Reb ¼ ε=νN2, e.g. Shih et al., 2005), and other turbulent
quantities (Ivey and Imberger, 1991). These parameterizations
generally predict a decrease in the mixing efﬁciency for strong
turbulence (decreasing Ri and/or increasing Reb). At the present, an
open debate exists about the applicability of these parameteriza-
tions (Kunze, 2011; Gregg et al., 2012). For this reason, we followed
the traditional Osborn (1980) formulation, and we included a
discussion about the implications of this choice (see Section 4.3),
based on the comparison with the recently proposed Bouffard and
Boegman (2013) (SKIF-B) parameterization.
The SKIF-B model prescribes four different turbulence regimes
based on the Reb parameter with the corresponding mixing
efﬁciency ðΓSKIFBÞ:
ΓSKIFB ¼ 0; Rebo1:7 Molecular ð3Þ
ΓSKIFB ¼ 0:0615ðRebÞ1=2; 1:7oRebo8:5 BuoyancyControlled
ð4Þ
ΓSKIFB ¼ 0:2; 8:5oRebo100 Transitional ð5Þ
ΓSKIFB ¼ 2ðRebÞ1=2; Reb4100 Energetic ð6Þ
In the particular case of the molecular regime the diffusion
coefﬁcient converges to the molecular value Kρ  107 m2 s1.
The traditional mixing efﬁciency of 0.2, proposed by Osborn
(1980), is only valid in the transitional regime.
In order to investigate the potential mixing caused by salt ﬁngers
we followed theweighting model proposed by St. Laurent and Schmitt
(1999). According to St. Laurent and Schmitt (1999), averaged diffu-
sivity can be modelled as the weighed sum of diffusivity due to
turbulence (Kt) and salt ﬁngers (Ksf), as Ktf ¼ Psf Ksf þð1Psf ÞKt , where
Psf is the weighting factor, corresponding to the fraction of bins where
salt ﬁngers are active. Favorable stratiﬁcation for salt ﬁngers can be
identiﬁed using the density ratio (Rρ ¼ α∂zT=β∂zS, where α and β are
the thermal expansion and salinity contraction coefﬁcients, respec-
tively). Although salt ﬁngers are theoretically possible for Rρ41, its
contribution to mixing has been shown to be irrelevant for Rρ42
(St. Laurent and Schmitt, 1999). According to McDougall (1988) and
Hamilton et al. (1989), who solved the turbulent kinetic energy
equation for salt ﬁngers, mixing efﬁciency for this process is expected
to exceed the value for mechanical turbulence of 0.2. Hence, we used
two parameters to identify salt ﬁnger active bins, the density ratio
(1oRρo2) and the observed mixing efﬁciency (ΓObs40:2), calcu-
lated as ΓObs ¼ 0:5N2χ=εð∂zTÞ2. Diffusivities for turbulence (Kt) and
salt ﬁngers (Ksf) bins were computed following the Osborn (1980),
Kt ¼ 〈0:2ε=N2〉t , and the Osborn and Cox (1972) models,
Ksf ¼ 〈0:5χ=ð∂zTÞ2〉sf , respectively. The Osborn and Cox (1972) model
applies for heat. For dissolved substances KsfS ¼ rR1ρ Ksf , where
r¼0.4–0.7 according to the compilation of estimates carried out by
St. Laurent and Schmitt (1999), and here set to r¼0.7 for coherence
with the K-proﬁle parameterization (see below).
The vertical gradients of temperature (∂zT), salinity (∂zS) and
potential density (N2) were calculated by linearly ﬁtting the
proﬁles of the corresponding variable, obtained from the CTD
included in the MSS proﬁler, in 10 m bins.












































































































Fig. 3. (a) Mean surface heat ﬂuxes (Q), (b) buoyancy ﬂuxes (B), (c) wind speed
(uwind), and (d) mixed layer depth (MLD), mixing layer depth (mld) and Monin–
Obukhov length scale (LMO) computed at each station where the MSS proﬁler was
deployed. Qsw, Qlat, Qsen, Qlw, Q0, are the shortwave, latent, sensible, longwave and
total heat ﬂuxes, respectively. BT and BS are the buoyancy ﬂuxes due to heat and
freshwater, respectively, and Bf the total buoyancy ﬂux. Biogeographical provinces
crossed during the Malaspina expedition are indicated at the top axis and separated
with vertical lines (see text for details). Numbers at the bottom correspond to
station numbers. The ﬁrst station of each leg (L) is indicated.
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2.5. Meteorological data
Meteorological data were used to characterize the atmospheric
forcing in the upper layer during the MSS proﬁler deployment (see
Fig. 3 and Table 1 in the Supplementary Material), and also to calculate
diffusivity in the boundary layer using the K-proﬁle parameterization.
Air temperature, air pressure, humidity, wind speed and direction, and
irradiance were measured by the on-board Aanderaa meteorological
station. Sea surface temperature and salinity data were collected using
a SBE-21 thermosalinometer at a nominal depth of 3 m. These data
were averaged during the duration of the MSS proﬁler (30–50min)
and LADCP deployments (about 4 h). Cloud cover and precipitation
data were interpolated from the National Centers for Environmental
Prediction (NCEP) reanalysis database for the time and location of the
MSS and LADCP stations. The calculation of wind stress (τ0), as well as
latent (Qlat), sensible (Qsen) and longwave (Qlw) heat ﬂuxes was
performed using the Matlab Air-Sea toolbox (version 2.0, http://
sea-mat.whoi.edu). Net turbulent heat ﬂux (Qt) was calculated as the
sum of the latent, sensible and longwave heat ﬂuxes. Net heat ﬂux (Q0)
was computed as the sum of the net turbulent heat ﬂux and the solar
irradiance (I or shortwave heat ﬂux, Qsw). Freshwater ﬂux (Ft) was
computed as the excess of precipitation (P) over evaporation (E),
where E¼Qlat=lE and lE ¼ 2:5 106 J kg1 is the latent heat of
evaporation.
Surface kinematic heat (wt0), salt (ws0) and buoyancy ﬂuxes
(wb0) were computed, respectively, as
wt0 ¼ Qt=ðρ0Cp0Þ ð7Þ
ws0 ¼ FtS0=ρ0ð0Þ ð8Þ
wb0 ¼ gðαwt0βws0Þ ð9Þ
where ρ0, Cp 0 and S0 are the density, speciﬁc heat and salinity,
respectively, at the surface reference pressure. ρ0ð0Þ is the density
at the surface reference pressure and S0 ¼ 0, and g¼9.81 m s2 is
the gravity acceleration.
The buoyancy proﬁle (B(z), W kg1) and the buoyancy forcing
(Bf, W kg1) were computed as:
BðzÞ ¼ gðαTβSÞ ð10Þ
Bf ¼ wb0þBR ð11Þ
where BR ¼ g½ðαI=ρCpÞz ¼ 0ðαI=ρCpÞz ¼ h, and the subscripts 0 and
h refer to the surface and the boundary layer depth (see supple-
mentary material), respectively. I¼ IðdÞ (W m2) is the vertical
distribution of solar irradiance in the water column computed for
a Jerlov water type I, suitable for open ocean clear waters,
following Paulson and Simpson (1977). For the calculations corre-
sponding to the MSS proﬁler data, as the boundary layer depth
was unknown, we assumed that IðhÞ  0.
The friction velocity (un) and the Monin–Obukhov length-scale
(LMO) were computed as
un2 ¼ τ0=ρ0 ð12Þ
LMO ¼ un3=ðκBf Þ ð13Þ
where τ0 is the wind stress and κ ¼ 0:4 is the von Kármán
constant. LMO40 ðo0Þ indicates convectively stable (unstable)
conditions in the upper ocean.
2.6. K-proﬁle parameterization
The K-proﬁle parameterization (KPP) described by Large et al.
(1994) was used to compute vertical diffusivity of temperature (KT, see
the Supplementary Material) at 128 stations where LADCP, CTD and
meteorological data were available. According to this model the water
column is divided into the upper boundary layer, where wind stress
and buoyancy ﬂuxes are the mechanisms responsible for the mixing,
and the lower ocean interior where mixing is produced by shear
instability, internal waves and double diffusion. Parameterization of
diffusivity in the boundary layer is based on the Monin–Obukhov
similarity theory and computed using the calculated buoyancy and
momentum atmospheric ﬂuxes. Shear instability parameterization
was based on the gradient Richardson number (Ri¼N2=S2), where
N2 is the buoyancy frequency computed from CTDmeasurements, and
S2 is the squared vertical shear of the horizontal velocities derived
from LADCP measurements. Internal waves diffusivity was set to a
background value of 105 m2 s1. The formulation of salt ﬁngers
diffusivity was based on the density ratio (Rρ). The parameterization
was implemented in a uniform 10m grid constrained by the vertical
resolution of the LADCP proﬁler. Only the implementation for tem-
perature (KT) is reported in this paper. A complete description of the




Fig. 4 shows the vertical distribution of temperature, buoy-
ancy frequency and vertical shear during the Malaspina expedi-
tion. Biogeographical provinces according to the classiﬁcation
carried out by Longhurst (2006) were used to describe the
geographical distribution of properties. This classiﬁcation was
chosen to facilitate the comparison with complementary stu-
dies carried out during the multidisciplinary Malaspina 2010
Expedition.
Leg 1 crossed the NE Atlantic Subtropical Gyral (NASE), the
North Atlantic Tropical Gyral (NATR), the Western Tropical Atlantic
(WTRA) and the South Atlantic Gyral (SATL) biogeographical
provinces. The inﬂuence of the equatorial upwelling in some
stations sampled at NATR and WTRA was noticed by the shoaling
of the 16 1C isotherm above 200 m, reﬂecting the upwelling of
deeper waters. The vertically averaged temperature in the mixed-
layer (〈T〉ML) was lower in NASE compared to the other three
provinces sampled during this leg. The stratiﬁcation in the
seasonal pycnocline (Nmax) was higher in the tropical (NATR,
WTRA) compared to the subtropical (NASE, SATL) provinces.
Higher values of shear (ca. 0.0082 s1) were observed in WTRA
at station 16 (0.211N–26.021W).
Most stations during leg 2 sampled a zonal transect across the
South Atlantic Gyral (SATL) province, the last station being carried
out in the Benguela Current Coastal (BENG) province. This leg was
characterized by an eastward decrease in 〈T〉ML, and an increase in
surface stratiﬁcation.
Leg 3 crossed the Indian ocean fromwest to east. The ﬁrst three
stations were carried out in the East Africa Coastal (EARF)
province, whereas most of the stations sampled the Indian South
Subtropical Gyre (ISSG) province.
Four provinces were sampled along the South Australian coast
during leg 4: ISSG, the Australia–Indonesia Coastal (AUSW), the
South Subropical Convergence (SSTC) and the East Australia
Coastal (AUSE) provinces. The lowest value of 〈T〉ML recorded
during the expedition (ca. 16.7 1C) was measured in those stations
sampled in SSTC.
During leg 5 the South Paciﬁc Subtropical Gyre (SPSG), the
Equatorial Paciﬁc (PEQD), the North Paciﬁc Equatorial Counter-
current (PNEC) and the North Paciﬁc Tropical Gyre (NPTG)
provinces were sampled. A progressive increase in 〈T〉ML was
observed as travelling northward in SPSG. Afterwards a decrease
in 〈T〉ML was observed when crossing PEQD, PNEC and NPTG.
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Maximum values of shear (ca. 0.025 s1) measured at ca. 100 m
in PEQD were related to the inﬂuence of the Equatorial
Undercurrent (EUC).
The leg 6 crossed the North Paciﬁc Tropical Gyre (NPTG) and
again the PNEC province. 〈T〉ML ﬁrst decreased as we travelled
eastward in NPTG, but then it increased reaching maximum
values of 30 1C in PNEC. In this province the depth of the mixed
layer was relatively shallow ðo40 mÞ and Nmax was enhanced
(ca. 0.052 s1).
Finally, during leg 7 the Caribbean sea (CARB), NATR and NASE
provinces were sampled. A progressive decrease in 〈T〉ML and Nmax
was observed when travelling from west to east.
3.2. Dissipation rates of turbulent kinetic energy and diapycnal
diffusivity
In order to study the variability of dissipation rates of turbulent
kinetic energy (ε) and diapycnal diffusivity (Kρ) derived from the
MSS proﬁler, we divided the water column into the upper mixing
layer (ml) (see Section 2.3) and the deeper ocean interior (oi).
Higher values of ε and Kρ were observed in general in the mixing
layer compared to the ocean interior (see Fig. 5). The vertical
distribution of ε in the ocean interior was patchy, and the vertical
structure of Kρ, mainly determined by the buoyancy frequency (N),
exhibited lower values in the seasonal pycnocline.
Fig. 4. Vertical distribution of temperature (T), buoyancy frequency (N) and velocity shear during the Malaspina expedition. Averaged temperature in the mixed layer (〈T〉ML),
maximum stratiﬁcation (Nmax) and averaged shear in the upper 300 m are also included. Black dots at the top axes and black ﬁlled squares in the lower panels indicate the
stations where MSS deployments were conducted. The black line represents the mixed layer depth (0.1 kg m3 density difference respect to the shallowest data point).
White triangles indicate stations sampled less than 2○ away from the equator (stations 16, 93 and 94). Numbers at the bottom correspond to station numbers. The ﬁrst
station of each leg (L) is indicated. Biogeographical provinces crossed during the expedition are indicated at the top axis (see text for details).
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Fig. 5. Vertical distribution of averaged proﬁles of (a) dissipation rates of turbulent kinetic energy (ε, W kg1); (b) diapycnal diffusivity (Kρ , m2 s1); and (c) Thorpe length
scale (LT, m), derived from the MSS proﬁler during the Malaspina expedition. White triangles indicate stations sampled less than 21 away from the equator (stations 16, 93
and 94). White and black squares indicate the mixing and mixed layer depths (see Methods). Numbers at the bottom correspond to station numbers. The ﬁrst station of each
leg (L) is indicated. Biogeographical provinces crossed during the expedition are indicated (see text for details).
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Fig. 6. Probability distribution of energy dissipation rate (ε, left), and diapycnal diffusivity (Kρ , right), computed in the mixing layer (white bars) and the ocean interior (black
bars). Continuous and discontinuous lines represent the log-normal probability distributions ﬁtted to the experimental data. Those probabilities are plotted in area-
preserving form, characterized by equal contributions to the mean from equal areas of the curve (Gregg, 1998).
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The probability distributions of ε and Kρ, computed using all
the data collected in the mixing layer and the ocean interior,
follow approximately a log-normal shape (see Fig. 6). Maximum
likelihood estimates (MLE) for the mean values of ε and Kρ (X)
were computed following Baker and Gibson (1987):
〈X〉MLE ¼ expðμþ12 σ2Þ ð14Þ
where μ and σ are the expected value and the standard deviation of
ln X, respectively. The distribution of ε in the mixing layer ranged
from 1010 to 106 W kg1. The ﬁt to a log-normal distribution gave
μεml ¼ 18:33, σεml ¼ 1:97 and MLE¼ 7:7½6:88:6  108 W kg
1,
with the arithmetic mean being 16:8½5:337:6  108 W kg1 (95%
conﬁdence intervals obtained from bootstraping shown in brackets).
The distribution of ε in the ocean interior was more peaked than
a lognormal distribution, with around 80% of the values in the
range 6:3 1010 to 1 108 W kg1. The ﬁt to a log-normal
distribution gave μεoi ¼ 20:06, σεoi ¼ 1:20, MLE¼ 0:40½0:38
0:41  108 W kg1, and the arithmetic mean 1:0½0:901:22
108 W kg1.
The distribution of Kρ in the mixing layer ranged from
 106 m2 s1 to 101 m2 s1. The log-normal ﬁtting provided
μKρml ¼ 7:52, σ
Kρ
ml ¼ 2:62 in the typical range described by Gregg
(1998), and MLE¼ 169½152193  104 m2 s1. The arithmetic
mean was 262½130586  104 m2 s1. In the ocean inte-
rior Kρ distribution provided μ
Kρ
oi ¼ 11:98, σ
Kρ
oi ¼ 1:58, MLE¼
0:217½0:2110:225  104 m2 s1, and the arithmetic mean
0:59½0:490:75  104 m2 s1. On average, ε and Kρ values in
the mixing layer were one and three orders of magnitude higher,
respectively, compared to the ocean interior.
In order to describe the regional variability of ε and Kρ, station
averages were computed for the mixing layer and the ocean
interior. For coherence with the St. Laurent and Schmitt (1999)
model (see Methods), and also following Davis (1996), arithmetic
averages are reported next. The values of ε in the mixing layer
(〈ε〉ml), which are inﬂuenced by local meteorological conditions,
were subjected to an important regional variability ranging from
109 to 104 W kg1 (Fig. 7), with 80% of the values lower than
107 W kg1. A clear regional pattern was not observed. No values
are reported for some stations in SATL (stations 32, 35, 40) and
PNEC (station 123), because no mixing layer was observed, as no
signiﬁcant overturns penetrated below 11 m according to the
Thorpe lengthscale (LT) (Fig. 5).
In the ocean interior ε estimates ranged between 1:1 109
and 9:9 108 W kg1. Higher values (45 108 W kg1) were
found in the stations 16 and 91, sampled in WTRA and PEQD,
respectively, and at station 71 in the south coast of Australia. We
cannot discard that the relatively high values observed in the
eastern SATL (stations 40, 41) were, at least partially, inﬂuenced by
the fact that only one of the two shear sensors was operating (see
Methods). Lower values (o0:3 108 W kg1) were sampled in
the western SATL (stations 17, 23, 29, 37, 37), PNEC (stations 107,
108, 123, 125) and NASE (stations 140, 146).
Diffusivity in the mixing layer (〈Kρ〉ml) ranged from 3
105 m2 s1 to 1.5 m2 s1 (see Fig. 8, and Table 2 in the Supple-
mentary Material). Lower values were found in SATL (stations 29,
38, 43), NPTG (station 115) and PNEC (station 125), whereas higher
values corresponded to WTRA (station 13), SATL (station 20), SPSG
(station 82), PEQD (station 91) and NASE (station 146).
Diapycnal diffusivity in the ocean interior (〈Kρ〉oi) ranged from
0.03 to 10 104 m2 s1. Higher values corresponded to the
station 16 in WTRA, stations 91 and 94 in PEQD, and station 71
in the south coast of Australia. Lower values of 〈Kρ〉oio
105 m2 s1 were found in the western SATL (stations 20, 23),
SPSG (station 88), NPTG (stations 104, 108), PNEC (stations 112,
115, 121, 125) and CARB (stations 128, 131).
Averaged ε and Kρ computed in the mixing layer and the ocean
interior for the main biogeographical provinces sampled during
the Malaspina expedition are shown in Table 1. The description in
terms of provinces is more suitable for the ocean interior, which is
less exposed to local meteorological conditions. Higher values
of ε were computed for the Atlantic WTRA (2:3 108 W kg1),
and the Paciﬁc PEQD (2:8 108 W kg1) and SPSG (1:5
108 W kg1), whereas lower values were calculated for the
Caribbean (CARB, 0:34 108 W kg1). Higher values of Kρ were
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Fig. 7. Averages of dissipation rates of turbulent kinetic energy (ε, W kg1), computed for the mixing layer (ml) and the ocean interior (oi) at the stations sampled during the
Malaspina expedition.
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also computed for WTRA (2:27 104 m2 s1) and PEQD
(3:62 104 m2 s1), whereas lower values were computed for
CARB (0:05 104 m2 s1).
3.3. Parameterized vertical diffusivity
In order to verify the performance of the K-proﬁle parameter-
ization (KPP) under different hydrographical conditions, we used
the model proposed by Large et al. (1994) (see Methods and the
Supplementary Material). The vertical distribution of diffusivity
computed by using the KPP (KT) is shown in Fig. 9. Diffusivity
values ranged from the lower level of 0:1 104 m2 s1, deter-
mined by the background internal wave mixing, to 49
104 m2 s1 in the ocean interior, and 1800 104 m2 s1 in
the boundary layer. The probability distribution of parameterized
KT did not show a lognormal shape, either in the boundary layer or
in the ocean interior (data not shown). For this reason only
arithmetic averages were used in this section. Averaged KT in the
boundary layer (260½230300  104 m2 s1, 95% conﬁdent
intervals between brackets) was in very good agreement with
the diffusivity estimate derived from the microstructure proﬁler
(262 104 m2 s1). In the ocean interior averaged parameter-
ized diffusivity (0:61½0:51–0:74  104 m2 s1) was also in close
agreement with the estimate derived from the microstructure
proﬁler (0:59 104 m2 s1).
Fig. 10 shows the comparison of averaged proﬁles of parame-
terized KT and Kρ derived from microstructure observations
computed for the biogeographical provinces crossed during the
expedition. The parameterization reproduces in general the shape
of the Kρ proﬁles. Note that both estimates were obtained from
two different sets of stations what could explain part of the
differences observed between the averaged vertical distributions.
For example, no parameterized KT was available for station 3,
sampled in NASE during winter, where mixing layer extended
down to 100 m (see Fig. 5).
Averaged parameterized KT computed for the boundary layer
and the ocean interior in the biogeographical provinces sampled
during the expedition are shown in Table 2. Note that diffusivity
Table 1
Averages of dissipation rates of turbulent kinetic energy (ε) and diapycnal diffusivity (Kρ) computed in the mixing layer (ml) and the ocean interior (oi) for the main
biogeographical provinces sampled during the Malaspina expedition (Prov.). 95% conﬁdence intervals are shown in brackets. NMSS is the number of MSS proﬁles conducted
at each province.
Prov. NMSS 〈ε〉ml 〈ε〉oi 〈Kρ〉ml 〈Kρ〉oi
108 (W kg1) 108 (W kg1) 104 (m2 s1) 104 (m2 s1)
NASE 12 1594 [382–4067] 0.44 [0.33–0.70] 1913 [679–4686] 0.461 [0.316–0.822]
NATR 12 4.0 [3.4–4.8] 0.54 [0.48–0.65] 28.3 [21.6–38.7] 0.159 [0.146–0.184]
WTRA 9 115 [43–349] 2.3 [1.6–3.2] 386 [144–1007] 2.27 [1.44–3.84]
SATL 35 27 [7–81] 0.86 [0.70–1.19] 64.9 [12.6–186.3] 0.433 [0.385–0.478]
CARB 7 5.0 [4.1–6.2] 0.34 [0.29–0.43] 39.1 [31.9–50.2] 0.050 [0.043–0.065]
SPSG 20 9.8 [8.8–11.5] 1.5 [1.3–1.7] 132 [112–151] 0.296 [0.266–0.330]
PEQD 11 8.7 [5.9–15.2] 2.8 [2.3–3.4] 74.6 [60.7–104.8] 3.62 [2.87–4.88]
PNEC 27 6.6 [5.6–8.4] 0.72 [0.61–0.97] 44.7 [39.8–52.8] 0.125 [0.119–0.135]
NPTG 29 3.9 [3.0–6.0] 0.43 [0.40–0.48] 39.3 [32.9–50.5] 0.170 [0.147–0.222]
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Fig. 8. Averages of diapycnal diffusivity (Kρ , m2 s1), computed from microstructure observations for the mixing layer (ml) and the ocean interior (oi) at the stations sampled
during the Malaspina expedition.
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parameterization was computed in the Indian Subtropical Gyre
(ISSG) where no microstructure observations were conducted (see
Methods). In the ocean interior higher diffusivities were computed
for the equatorial WTRA in the Atlantic (1:46 104 m2 s1) and
PEQD in the Paciﬁc (3:7 104 m2 s1), due to the inﬂuence of
the Equatorial Undercurrent in the shear instability term (Fig. 9).
Lower diffusivities (ca. 0:15 104 m2 s1) were computed for
the Paciﬁc provinces NPTG, PNEC and SPSG. Salt ﬁngers favorable
stratiﬁcation was frequently observed in the Atlantic subtropical
provinces NASE and SATL, and in the Australian AUSW, where the
contribution of this process to mixing was 0:73 104 m2 s1,
0:24 104 m2 s1 and 0:96 104 m2 s1, respectively.
4. Discussion
4.1. Turbulence generating mechanisms in the boundary layer
In the upper ocean layer, buoyancy ﬂuxes and wind forcing
represent the main mechanisms responsible for the generation of
turbulence (Moum and Smyth, 2001). In order to investigate the
contribution of these two processes we analyzed the meteorolo-
gical conditions, at the time of sampling, during the expedition
(see Fig. 3 and Table 1 in the Supplementary Material).
The total surface heat ﬂux (Q0) was always positive from the
atmosphere to the ocean, except at stations 16, 82–85 and
143–146, indicating heat gain by the ocean as a result of the
contributions of sensible (Qsen), latent (Qlat), longwave (Qlon) and
shortwave (Qsw) heat ﬂuxes. Sea surface temperature was always
lower than air temperature, resulting in negative Qsen. Qlat and Qlw
were also negative in all the stations, whereas Qsw was always
positive, because the proﬁler was deployed during daylight. As a
consequence, buoyancy ﬂuxes (Bf) were always negative, indicating
a gain in stability and resulting in positive Monin–Obukhov length
scales (LMO), except at stations 16, 83, 85, 143 and 146. This result
indicates convectively stable conditions during the proﬁler deploy-
ment, pointing out to the wind forcing as the main turbulence
generation mechanism in the boundary layer. However, LMO was
generally shallower than the mixed and mixing layer depths,
indicating that wind forcing alone cannot explain all mixing in this
layer, which could also be the result of previous convection
episodes during the nighttime.
Similar conclusions can be obtained from observing the beha-
vior of turbulent and mixing conditions in the upper layer (see
Fig. 5). In general, the mixing layer depth, computed as the depth
reached by signiﬁcant overturning from the surface (see Methods),
showed a good agreement with the layer where relatively
enhanced ε and Kρ were observed. However, the mixing layer
Fig. 9. Parameterized vertical temperature diffusivity (KT, m2 s1) computed along the Malaspina expedition. Shear instability plus internal waves (KsþKiw) and also double
diffusion (Kdd) contributions are included. The black and white lines represent the boundary layer and the mixed layer depth, respectively. White triangles indicate stations
sampled less than 21 away from the equator (stations 16, 93 and 94). Numbers at the bottom correspond to the station numbers. Biogeographical provinces crossed during
the expedition are indicated (see text for details).
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was generally shallower compared to the mixed layer, computed
from a density criterion, likely indicating decaying mixing due to
daytime restratiﬁcation (Brainerd and Gregg, 1995). The mixed
layer was probably the result of previous mixing events, which
could happen during nighttime convection. In several stations
where density overturns (high LT) reached deeper depths than
strong ε (e.g. stations 7, 17, 23, 87, 116, 131), subsurface restratiﬁca-
tion in the temperature proﬁles (data not shown) and a LT mini-
mum were observed in the upper 20–25 m. These observations
suggest that turbulence was suppressed in the upper 20–25 m by
daytime heating, whereas decaying turbulence remains below this
depth, within the mixing layer.
These results show that during the seven months expedition
we sampled different local meteorological conditions. Moreover,
contrasting seasonal forcing was affecting the locations sampled at
both hemispheres. For this reason, we cannot discard that the
observed variability, both in the upper mixing layer and also in the
ocean interior, in the described turbulence properties could be, at
least partially, due to forcing mechanisms operating at different
temporal scales. A complete analysis of the inﬂuence of temporal
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Fig. 10. Proﬁles of vertical temperature diffusivity computed using the KPP parameterization (KT, dashed line) and diapycnal diffusivity (Kρ) inferred from microstructure
observations using the Osborn (1980) model (solid black line) for the biogeographical provinces sampled during the Malaspina expedition. Diapycnal diffusivity was
averaged in 10 m bins to allow direct comparison with parameterized KT. Shadowed areas represent 95% conﬁdence intervals computed by using bootstraping.
Table 2
Averaged parameterized vertical temperature diffusivity (KT ) computed for the main biogeographical provinces (Prov.) explored during the Malaspina expedition. Total
boundary layer (〈KT 〉bl) and ocean interior (〈KT 〉oi) diffusivities, and shear instability plus internal waves (〈KsþKiw〉oi) and double diffusion (〈Kdd〉oi) terms are shown. 〈Kloz〉oi is
the diffusivity parameterized using the scaling as a function of the Richardson number, Ri (see Section 4.2). NKPP is the number of stations sampled at each province.
Prov. NKPP 〈KT 〉ml 〈KT 〉oi 〈KsþKiw〉oi 〈Kdd〉oi 〈Kloz〉oi
104 (m2 s1)
NASE 7 207 [121–304] 0.83 [0.65–0.97] 0.10 [0.10–0.10] 0.73 [0.57–0.88] 0.30 [0.28–0.32]
NATR 7 64.6 [28.4–194.8] 0.33 [0.14–0.83] 0.27 [0.10–0.80] 0.05 [0.02–0.11] 0.31 [0.29–0.33]
WTRA 7 266 [176–424] 1.6 [0.7–3.3] 1.48 [0.83–3.06] 0.09 [0.05–0.17] 0.43 [0.39–0.49]
SATL 23 145 [103–218] 0.50 [0.38–0.79] 0.26 [0.16–0.52] 0.24 [0.20–0.29] 0.35 [0.33–0.36]
CARB 4 142 [65–244] 0.48 [0.13–1.48] 0.43 [0.10–1.74] 0.05[0.02–0.13] 0.29 [0.27–0.34]
SPSG 8 424 [313–607] 0.15 [0.10–0.33] 0.15 [0.10–0.28] 0.00 [0.00–0.00] 0.36 [0.34–0.39]
PEQD 5 410 [288–598] 3.7 [2.2–6.5] 3.65 [1.74–5.68] 0.00 [0.00–0.00] 0.51 [0.44–0.60]
PNEC 12 308 [186–459] 0.15 [0.11–0.41] 0.15 [0.11–0.32] 0.00 [0.00–0.00] 0.33 [0.31–0.35]
NPTG 16 292 [234–378] 0.13 [0.10–0.23] 0.13 [0.10–0.22] 0.00 [0.00–0.01] 0.28 [0.27–0.29]
EAFR 2 56.4 [7.7–113.0] 0.45 [0.18–1.20] 0.45 [0.16–1.26] 0.00 [0.00–0.00] 0.38 [0.33–0.47]
ISSG 15 134 [79–239] 0.29 [0.23–0.50] 0.17 [0.12–0.34] 0.11 [0.08–0.17] 0.32 [0.31–0.34]
AUSW 2 87.6 [25.5–176.7] 1.5 [0.9–3.7] 0.54 [0.10–1.56] 0.96 [0.67–1.49] 0.28 [0.26–0.36]
AUSE 2 562 [305–915] 0.15 [0.11–0.25] 0.10 [0.10–0.10] 0.05 [0.01–0.17] 0.23 [0.22–0.24]
SSTC 6 357 [263–481] 1.2 [1.0–1.6] 0.11 [0.10–0.13] 1.1 [0.8–1.5] 0.30 [0.28–0.32]
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variability in the described regional patterns, which is out of the
scope of this study, would require longer datasets in order to
understand the different scales of variability operating at each
location.
4.2. Turbulence generating mechanisms in the ocean interior
In the ocean interior, shear instability, internal waves, and
double-diffusion are potential mechanisms responsible for the
generation of turbulence. Although the inﬂuence of different
scales of temporal variability cannot be discarded (see above),
clear regional patterns were observed in this layer associated with
sampled hydrographic features.
One of the regions where shear instability has been reported
to be a signiﬁcant contribution to mixing is the Equatorial Under-
current (EUC), a relatively strong (40:1 m s1) eastward subsur-
face current ﬂowing in the equatorial Atlantic and Paciﬁc oceans.
LADCP data revealed that we sampled the inﬂuence of the EUC in
the Atlantic (station 16) and the Paciﬁc oceans (stations 93 and 94)
(data not shown). The core of the EUC was located between 60 and
170 m in the Atlantic. In the Paciﬁc, the upper limit of the current
was located at approximately 100 m, and it extended below 300 m
depth. Above the current core, both in the Atlantic and the Paciﬁc,
the surface ﬂow was directed westward leading to a region of
enhanced shear (Fig. 4). This region was observed at 50–80 m in
the Atlantic and 90–140 m in the Paciﬁc, with maximum values of
0.021–0.035 s1 and 0.025 s1, respectively. In the Atlantic, the
lower boundary of the EUC at 170 m was also associated with
enhanced shear ( 0:015 s1).
The effect of the EUC was sampled by the MSS proﬁler at the
stations 16 in the Atlantic and 94 in the Paciﬁc. At station 16 the effect
of the EUC was noticed as enhanced ε (ca. 1106 W kg1) was
measured at about 40–65m, coinciding with the upper boundary of
the EUC (Fig. 5). Averaged ε computed in the ocean interior for this
station (9:9 108 W kg1) was one of the higher estimates
reported during the expedition (Fig. 7). Lower values of ε (ca. 0:5
108 W kg1) were observed in the current core (80–105m), in close
agreement with the rates reported by Crawford (1976) for the same
region. The signal of the EUC at station 94 was less intense, probably
because this station was located further from the equator (Moum et
al., 1986). Values of ε higher than 1107 W kg1 were found
between 80 and 100 m, near the upper boundary of the current.
This is in good agreement with the value of 2 107 W kg1
reported by Moum et al. (1986), and one order of magnitude
lower than the rates reported by Williams and Gibson (1974)
(8 106 W kg1).
The inﬂuence of the EUC was also visible in microstructure
diffusivity data. Diffusivity estimates for stations 16 (10 104
m2 s1) and 94 (7:5 104 m2 s1) were among the higher
estimates of the expedition. Averaged estimates for WTRA and
PEQD were 2.27 and 3:62 104 m2 s1, respectively, about one
order of magnitude higher than the other provinces (see
Table 1). Table 2 shows the contribution of the shear instability
plus the internal waves term to total KPP diffusivity for each
biogeographical province. The highest contribution also corre-
sponded to the provinces including the equatorial regions in the
Paciﬁc (PEQD, 3:36 104 m2 s1) and the Atlantic (WTRA,
1:48 104 m2 s1) oceans.
In order to study the dependence of Kρ in the ocean interior as
a function of the Richardson number (Ri), which controls the onset
of the shear Kelvin–Helmholtz instability (Miles, 1986), we used





where Ri¼N2=ðð∂zUÞ2þð∂zVÞ2Þ, with U and V being the horizontal
velocities computed from LADCP data, and Ric the critical Richardson
number. K0 is the background diffusivity when Ri-1, and K0þKM
the maximum diffusivity when Ri-0. Kρ was bin averaged for
different Ri and then ﬁtted to the scaling model (Fig. 11). A good ﬁt
(R2 ¼ 0:997) was obtained for K0 ¼ 0:2170:02 104 m2 s1,
KM ¼ 2:470:6 104 m2 s1, Ric ¼ 0:2970:24 and n¼ 0:937
0:23. K0 was comparable to, although slightly higher, background
diffusivity by internal waves prescribed by the KPP proposed by Large
et al. (1994) and Pacanowski and Philander (1981) (0:1
104 m2 s1), usually considered as the representative value of
mixing in the pycnocline (Munk, 1966). Ric and the exponent n were
also in good agreement with previously reported values, which ranged
0.1–0.25 and 1–3, respectively (Peters et al., 1988; Pacanowski and
Philander, 1981; Lozovatsky et al., 2006). However, the roll-off towards
the background internal wave diffusivity for high Ri was less steep
than that predicted by the KPP.
The presence of salt ﬁngers favorable stratiﬁcation was studied
by computing the density ratio Rρ ¼ α∂zT=β∂zS. Stratiﬁcation is
favorable for salt ﬁngers formation when warm and salty water
overlies colder and fresher water, i.e. 1oRρo100. However, in
oceanic environments, due to the perturbation by internal waves
strain, salt ﬁngers growth is only important for 1oRρo2
(St. Laurent and Schmitt, 1999). The bins where stratiﬁcation
conditions were favorable for salt ﬁngers formation were in
general more frequent in the Atlantic (8–57%) compared to the
Paciﬁc (0.1–7.1%) provinces (see Table 3). Bins where salt ﬁngers
were actively enhancing diffusivity were distinguished as those
satisfying both 1oRρo2 and ΓObs40:2. In general, they only
represented 10–20% of the bins with favorable stratiﬁcation. As a
result, heat diffusivity increased by 0.4–7.3% in the Atlantic
provinces, as compared to the Osborn (1980) model (see
Table 1). In the Paciﬁc provinces, the increase was only signiﬁcant
at PNEC (ca. 5%). Salt ﬁnger active bins could not be determined at
SPSG and PEQD, as no thermal variance dissipation rates were
available for this leg (see Methods). However, very low contribu-
tion is expected for these provinces as the number of bins with
favorable stratiﬁcation was very low.
The use of the St. Laurent and Schmitt (1999) model to quantify
the effect of salt ﬁngers has a stronger inﬂuence in the diffusivity
of dissolved substances (Table 3). For salt, the increase in diffu-
sivity with respect to the Osborn (1980) model was 8–22% in the



















K  = 2.08e−05 + 2.42e−04 (1 + Ri/0.29)
R  = 0.997
Fig. 11. Bin averaged diapycnal diffusivity (Kρ) as a function of the Richardson
number (Ri). The bars represent the 95% conﬁdence intervals of diffusivity averages.
The number of diffusivity samples used for computing the averages is indicated.
The dark thick line represents the ﬁt to the scaling equation proposed by
Lozovatsky et al. (2006). The discontinuous line represents the Pacanowski and
Philander (1981) model, and the dotted discontinuous line represents the KPP
shear instability term (Large et al., 1994).
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Atlantic provinces, except in CARB (o2%). In the Paciﬁc, the
increase in PNEC and NPTG was 13% and 5%, respectively. These
results are consistent with previous studies that have reported the
relevance of salt ﬁngers activity in the central waters of the
Atlantic ocean (Schmitt, 1981; St. Laurent and Schmitt, 1999;
Schmitt et al., 2005; Glessmer et al., 2008).
4.3. Comparison of microstructure and parameterization diffusivity
estimates
In our study vertical diffusivity was estimated from observations of
microstructure turbulence and also by using the K-proﬁle parameter-
ization (KPP). In general, both methods showed a good agreement
both in the upper layer and in the ocean interior. The parameterization
reproduced the vertical distribution of diffusivity, and the depth
reached by intense mixing below the surface (boundary layer). In
the ocean interior, the KPP captured the mixing enhancement due to
sheared currents in the equatorial regions. However, due to the steep
decrease in the shear instability term of diffusivity for Ri4Ric (see
Fig. 11) and the constant internal wave mixing term, part of the
temporal and spatial variability of diffusivity was probably missed by
the parameterization. In fact, compared with the KPP, microstructure
diffusivity showed a smoother decrease for high Ri (Fig. 11). We
included the scaling obtained by ﬁtting our estimates of diapycnal
diffusivity as a function of the Richardson number (see above) in the
KPP, in order to verify the performance of this term to reproduce shear
instability. This scaling produced lower diffusivity (0:430:51
104 m2 s1) in the equatorial regions (WTRA, PEQD), compared to
the original KPP and microstructure diffusivities, and it overestimated
diffusivity in regions, as PNEC and NPTG, where the KPP showed a
good agreement with microstructure diffusivity. Both parameteriza-
tions overestimated diffusivity in CARB. For these reasons, we con-
clude that the scaling was not able to signiﬁcantly improve the KPP
results.
On the other hand, KPP salt ﬁnger heat diffusivity was 0.73 and
0:24 104 m2 s1 in NASE and SATL (Table 2), respectively,
characterized by frequent favorable stratiﬁcation for salt ﬁnger
formation (Table 3). These values are about one order of magni-
tude higher than the difference between the St. Laurent and
Schmitt (1999) and Osborn (1980) models (see Table 1 and
Table 3). This observation supports that favorable stratiﬁcation
conditions do not necessarily involve that salt ﬁngers are actively
contributing to mixing. Hence, the KPP, where salt ﬁnger para-
meterization only depends on the density ratio (Rρ), is likely to
overestimate diffusivity in regions where stratiﬁcation is favorable
for salt ﬁnger formation.
The Osborn (1980) model, used in this study to compute diapycnal
diffusivity from microstructure turbulence observations, assumes that
mixing efﬁciency, Γ ¼ 0:2, does not vary in time or space. In recent
years increasing evidences accumulated from direct numerical simula-
tions (DNS) and laboratory work (Barry et al., 2001; Smyth et al., 2001;
Shih et al., 2005; Ivey et al., 2008) question this assumption. As a
consequence, alternative parameterizations of diapycnal diffusivity
based on ε but also depending on other turbulent properties have
emerged (Ivey and Imberger, 1991; Shih et al., 2005; Bouffard and
Boegman, 2013). The parameterization proposed by Shih et al. (2005)
relies on the same assumptions than Osborn (1980) to solve the
turbulent kinetic energy conservation equation (steady state and
homogeneity), but allows Γ to vary with the turbulent intensity
parameter Reb ¼ ε=νN2 (where ν is the molecular viscosity, and N2 the
squared buoyancy frequency). This model, recently completed by
Bouffard and Boegman (2013) (SKIF-B), parameterizes Γ (and hence
Kρ) as a function of Reb in three different regimes: molecular (Rebo7),
transitional (7oRebo100) and energetic (Reb4100). According to
these authors, the Osborn (1980) formulation is only valid for the
transitional regime, and the assumption of Γ ¼ 0:2 in the other
regimes would result in overestimated diffusivities.
The contribution of the different turbulence regimes, according
to the classiﬁcation proposed by Bouffard and Boegman (2013), as
a function of the turbulent intensity parameter is shown in Fig. 12.
The energetic regime dominates in the upper 50 m (ca. 60–80% of
the bins), coinciding approximately with the base of the mixing
layer. The transitional turbulence regime was dominant (ca. 60% of
the bins) in the ocean interior, where the contribution of the
energetic regime was ca. 20%. The maximum contribution of the
buoyancy-controlled regime (ca. 20–30% of the bins) was in the
50–100 m depth range, corresponding to the seasonal thermo-
cline. Large discrepancies are expected between the SKIF-B and
Osborn (1980) models in the mixing layer due to the dominance of
Table 3
Percentage of bins where stratiﬁcation was favorable for salt ﬁngers formation (Psf0 ); active salt ﬁngers (P
sf ); heat (〈KtfT 〉oi) and salt (〈K
tf
S 〉oi) diffusivities in the ocean interior for
salt ﬁngers plus turbulence following the St. Laurent and Schmitt (1999) model. Diffusivities in the mixing layer (〈KSKIFB〉ml) and in the ocean interior (〈KSKIFB〉oi), according
to the Bouffard and Boegman (2013) SKIF-B model are also included.
Prov. Psf0 P




104 (m2 s1) 104 (m2 s1) 104 (m2 s1) 104 (m2 s1)
NASE 56.9 5.8 0.471 [0.360–0.743] 0.498 [0.343–0.716] 4.27 [3.09–6.51] 0.176 [0.167–0.187]
NATR 20.7 4.6 0.168 [0.150–0.194] 0.187 [0.148–0.187] 1.46 [1.30–1.67] 0.099 [0.094–0.107]
WTRA 28.6 3.7 2.31 [1.40–3.75] 2.50 [1.48–3.89] 2.62 [2.07–3.88] 0.230 [0.203–0.262]
STAL 31.8 6.6 0.465 [0.431–0.526] 0.528 [0.431–0.546] 0.627 [0.475–1.003] 0.209 [0.189–0.298]
CARB 7.8 0.7 0.050 [0.043–0.064] 0.051 [0.044–0.066] 2.13 [1.80–2.82] 0.215 [0.044–0.717]
SPSG 0.4 – – – 3.19 [2.94–3.48] 0.118 [0.113–0.125]
PEQD 2.3 – – – 4.80 [3.29–10.20] 1.22 [0.89–1.60]
PNEC 0.1 0.1 0.132 [0.123–0.145] 0.142 [0.122–0.144] 1.90 [1.75–2.03] 0.099 [0.096–0.102]


















Fig. 12. Contribution of the different turbulence regimes as a function of the
turbulence intensity parameter (Reb ¼ ε=νN2) according to Bouffard and Boegman
(2013): molecular (Rebo1:7), buoyancy-controlled (1:7oRebo8:5), transitional
(8:5oRebo100) and energetic (Reb4100) regimes.
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the energetic regime. Averaged SKIF-B diffusivity for the mixing
layer for the whole dataset was 1:50½1:381:77  104 m2 s1
(see Table 3), two orders of magnitude lower compared to the
estimates obtained from the Osborn, 1980 model (Table 1), and
also from the KPP (Table 2). In the ocean interior, the agreement
between both models was better, with averaged SKIF-B diffusivity
(0:22½0:190:25  104 m2 s1) about half the averaged diffu-
sivity computed from the Osborn (1980) model and the KPP.
Diffusivity computed from the SKIF-B model in the mixing layer
would require a mixing efﬁciency of about 0.001, much lower than
suggested by old and recent observations (Oakey, 1982; Oakey and
Greenan, 2004).
Although some studies have argued that the SKIF-B parameteriza-
tion represents an improvement over the traditional Osborn (1980)
formulation (Dunckley et al., 2012; Bouffard and Boegman, 2013),
there is currently an open debate about its reliability due to, for
example, the lack of agreement with tracer release inferred diffusiv-
ities (Gregg et al., 2012). It has been suggested that these discrepancies
could be due to the fact that, for high Reb, the laboratory and numerical
domains were too small to include the Ozmidov scale (Kunze, 2011). In
this regard, Bouffard and Boegman (2013) argued that the simulations
by Shih et al. (2005) captured the Ozmidoz scale for Rebo1000.
Furthermore, a decrease in mixing efﬁciency for high Reb has been
observed in atmospheric ﬂux measurements (Lozovatsky and
Fernando, 2013). A reconciliation between numerical simulations,
laboratory work and ﬁeld observations is required specially in the
mixing layer, which controls the air–sea gas and heat exchanges.
5. Conclusions
Tracer release experiments (Ledwell et al., 1998) and micro-
structure measurements (Gregg, 1998) indicate that the magnitude
of vertical diffusivity in the thermocline is only about 105 m2 s1.
This value, comparable to the background internal waves diffusiv-
ity, is one order of magnitude lower than the values derived from
the balance between the upwelling of cold water and the mixing
down of warm water computed by ocean models (Munk, 1966). It
has been proposed that this discrepancy could result from the
episodic generation of mixing associated with tropical cyclones
(Sriver and Huber, 2007), the interaction of ocean currents with
the bottom topography (Rudnick et al., 2003), and also the
swimming activity of marine organisms (Kunze et al., 2006a;
Katija and Dabiri, 2009). Averaged diffusivity derived from micro-
structure observations collected during the Malaspina expedition
in the ocean interior was about 0:2 104 m2 s1 in the absence
of shear instabilities, close to the reference value of 105 m2 s1.
Higher diffusivities (ca. 104 m2 s1) were computed for the
regions under the inﬂuence of strong shear associated with the
Equatorial Undercurrent.
On average, the K-proﬁle parameterization showed a good
agreement with diffusivity estimates derived from microstructure
observations using the Osborn (1980) model, both in the upper
layer and in the ocean interior. Diffusivity derived from the SKIF-B
model, recently proposed by Bouffard and Boegman (2013), was
comparable to the values computed from the Osborn model in the
ocean interior, whereas in the mixing layer estimates from the
SKIF-B model were two orders of magnitude lower. This discre-
pancy could have important implications for the transport of heat
and gases through the air–sea interface.
Favorable conditions for salt ﬁnger formation were more frequent
in the Atlantic basin. According to the St. Laurent and Schmitt (1999)
model the consideration of double diffusion slightly increased tem-
perature diffusivity with respect to the Osborn (1980) model. However,
for dissolved substances as salt and nutrients, diffusivity increased
about 10–20% in the Atlantic provinces. Because salt ﬁngers mix heat
and dissolved substances more efﬁciently than mechanical turbulence,
the consideration of this process could have important implications for
the transport of properties and substances, and derived biogeochem-
ical impacts. Hamilton et al. (1989) argued that nitrate ﬂuxes into the
photic zone in subtropical regions could be underestimated up to one
order of magnitude if salt ﬁngers mixing was ignored. By using a
modeling approach, Glessmer et al. (2008) showed that the nutrient
input through double-diffusion has a signiﬁcant inﬂuence in primary
and export production in oligotrophic regions, generating an addi-
tional oceanic carbon uptake of about 0.4 g C m2 year1. According to
these authors, salt ﬁngers and mechanical mixing have different
climate sensitivities, and its relative contribution to mixing will
probably be subjected to changes in the future.
Small-scale turbulence strongly affects the overall ocean circu-
lation, inﬂuences the marine biota through the control on the
distribution and growth of marine organisms, and helps to
disperse pollutants (Thorpe, 2004). Climate models predict
changes in the intensity of mixing and stratiﬁcation as a conse-
quence of global warming (Sarmiento et al., 1998). For this reason,
understanding the regional and temporal variability of turbulent
mixing is crucial to predict changes in ocean circulation and global
biogeochemical cycles in the near future. In this sense, the
microstructure turbulence data collected during the Malaspina
expedition represents a unique contribution to progress in our
knowledge about the distribution of turbulence in the ocean, and
its interaction with other chemical and biological processes.
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Importance of salt ﬁngering for new nitrogen
supply in the oligotrophic ocean
B. Ferna´ndez-Castro1, B. Mourin˜o-Carballido1, E. Maran˜o´n1, P. Choucin˜o1, J. Gago2, T. Ramı´rez3, M. Vidal4,
A. Bode5, D. Blasco6, S.-J. Royer6, M. Estrada6 & R. Simo´6
The input of new nitrogen into the euphotic zone constrains the export of organic carbon to
the deep ocean and thereby the biologically mediated long-term CO2 exchange between
the ocean and atmosphere. In low-latitude open-ocean regions, turbulence-driven nitrate
diffusion from the ocean’s interior and biological ﬁxation of atmospheric N2 are the main
sources of new nitrogen for phytoplankton productivity. With measurements across the
tropical and subtropical Atlantic, Paciﬁc and Indian oceans, we show that nitrate diffusion
(171±190mmolm 2 d 1) dominates over N2 ﬁxation (9.0±9.4 mmolm 2 d 1) at the time
of sampling. Nitrate diffusion mediated by salt ﬁngers is responsible for ca. 20% of the new
nitrogen supply in several provinces of the Atlantic and Indian Oceans. Our results indicate
that salt ﬁnger diffusion should be considered in present and future ocean nitrogen budgets,
as it could supply globally 0.23–1.00 TmolN yr 1 to the euphotic zone.
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T
he concept of new production, as opposed to regenerated
production, has been instrumental in understanding and
modelling carbon export in the ocean1. This concept
indicates that biological production susceptible of being exported
outside the euphotic zone must be in balance with the input of
new nutrients (as opposed to nutrient recycling) into the euphotic
zone1. Turbulent diffusion across the nitracline has been
traditionally considered the dominant source for new nitrogen
to the surface ocean. However, recent studies indicate that
biological ﬁxation of atmospheric N2 by microbial diazotrophs
could equal or even exceed nitrate diffusion as a mechanism for
new nitrogen supply in the subtropical gyres2–4. These vast
biomes are responsible for approximately 30% of the global
carbon export to the deep ocean5,6. Below the mixed layer,
turbulent diffusivity is due to mechanical processes, such as shear
instabilities and internal waves, and also due to double-diffusive
processes including salt ﬁngers7. These develop in the
tropical and subtropical central oceans, where warm and salty
layers overlie cooler and fresher waters8. Because salt ﬁngers
mix dissolved substances more efﬁciently than mechanical
turbulence9, this phenomenon could have important
implications for the transport of nutrients and phytoplankton
growth10. The ﬁrst attempt to quantify the relevance of salt
ﬁnger mixing to new production reported a sixfold increase in
nitrate diffusive ﬂuxes11. Despite the subsequent development of
more accurate models to estimate salt ﬁnger diffusivity from
microstructure measurements12, simultaneous estimates of the
magnitudes of nitrate diffusion and N2 ﬁxation have so far
overlooked the contribution of this process2–4,13.
Between December 2010 and July 2011, during the Malaspina
expedition, estimates of N2 ﬁxation rates and nitrate diffusive
ﬂuxes, due to mechanical turbulence and salt ﬁngers, were
obtained in 40 stations located in different biogeographical
provinces14 of the tropical and subtropical Atlantic (NE Atlantic
Subtropical Gyral (NASE), North Atlantic Tropical Gyral
(NATR), Western Tropical Atlantic (WTRA), South Atlantic
Gyral (SATL) and Caribbean (CARB)), Indian (Indian South
Subtropical Gyre (ISSG)) and Paciﬁc oceans (South Paciﬁc
Subtropical Gyre (SPSG), Paciﬁc Equatorial Divergence (PEQD),
North Paciﬁc Equatorial Countercurrent (PNEC) and North
Paciﬁc Tropical Gyre (NPTG)) (see Methods). Four additional
stations were sampled along the coast of south Australia (South
Subtropical Convergence (SSTC), East Australia Coastal (AUSE)
and Australia-Indonesia Coastal (AUSW)). These stations were
not considered for computing the global averages provided in the
text, as they were located very close to the coast and therefore
they are not representative of typical open-ocean conditions.
N2 ﬁxation was measured following the 15N2 bubble injection
uptake technique described by Montoya et al.15, whereas
vertical diffusivity was derived from shear and temperature
microstructure observations, and the St Laurent and Schmitt12
model (see Methods). We show that, on average, nitrate diffusion
dominated over N2 ﬁxation, and that diffusion mediated by salt
ﬁngers was responsible for ca. 20% of the new nitrogen supply in
several tropical and subtropical provinces of the north and south
Atlantic, and the Indian Ocean.
Results
Nitrate diffusive ﬂuxes. Vertical diffusivity by mechanical
turbulence and salt ﬁngers computed during the expedition
ranged between 0.0296 10 4 and 25.6 10 4m2 s 1, with
the highest values observed near the southern coast of Australia
(Fig. 1 and Supplementary Table 1). Nitrate gradients were in
general 4100 mmolm 4 in the tropical provinces, some of
them inﬂuenced by the equatorial or the Costa Rica Dome
upwelling (NATR, WTRA, PEQD and PNEC), and lower than
this value in the subtropics (Table 1). Nitrate diffusive ﬂuxes,
computed as the product of vertical diffusivity and the nitrate
gradient (see Methods), mostly ranged between 5.4 and
846.5 mmolm 2 d 1 (Supplementary Table 1) (global average
171±190 (±s.d.) mmolm 2 d 1). The regional variability of
these ﬂuxes was mainly driven by nitrate concentration gradients,
as they were generally higher in the tropical Atlantic and Paciﬁc
(ranging 99.9–495.4 mmolm 2 d 1 in NATR, WTRA, PEQD
and PNEC), compared to the subtropical and Caribbean pro-
vinces (25.6–177.7 mmolm 2 d 1 in NASE, SATL, CARB, ISSG
and SPSG) (Table 1). The only exception to this general pattern
were the higher values observed at two stations sampled near
south Australia, due to the enhanced diffusivity.
Salt ﬁnger diffusion was negligible in the Paciﬁc, where
favourable stratiﬁcation conditions for their formation were
scarce16, and relevant in the Atlantic provinces SATL
(0.17±0.35 10 4m2 s 1), NASE (0.07±0.05 10 4m2 s 1)
and WTRA (0.07±0.11 10 4m2 s 1), and the Indian ISSG
(0.05±0.09 10 4m2 s 1, see Table 1). The averaged
nitrate diffusive ﬂux due to salt ﬁngers computed using all the
open-ocean stations sampled during the expedition was
24±57mmolm 2 d 1. However, stratiﬁcation conditions
favourable for salt ﬁngers were only found in 21 stations. The
average ﬂux using only these stations was 46±76mmolm 2 d 1.
The higher nitrate ﬂuxes due to salt ﬁnger mixing were computed
for the tropical Atlantic WTRA (162.8±239.1mmolm 2 d 1),
followed by the Atlantic and Indian subtropic provinces NASE,
SATL and ISSG (20.5–34.9mmolm 2 d 1).
N2 ﬁxation and diazotrophic microplankton. Photic layer
depth-integrated N2 ﬁxation rates ranged between 0.031 and
59.5 mmolm 2 d 1 (average 9.0±9.4 mmolm 2 d 1), but in
most cases were below 10mmolm 2 d 1 (Fig. 2 and
Supplementary Table 1). The maximum rate of 59.5 mmolm 2
d 1 was measured in the eastern Indian ocean, and the highest
province-averaged rate corresponded to the south Atlantic SATL
(17.8±14.8 mmolm 2 d 1) (Table 1). The abundance of the
colony-forming diazotrophic cyanobacterium Trichodesmium
spp. was higher (440 106 ﬁlamentsm 2) in the Atlantic
WTRA and CARB, followed by the Atlantic NATR and
the Paciﬁc SPSG (420 106 ﬁlamentsm 2) (Table 2). The
diazotrophic endosymbiont Richelia intracellularis and its hosts,
the diatoms Hemiaulus hauckii and Rhizosolenia spp., were more
abundant in the SATL (Fig. 3 and Table 2).
Relative contributions to the new nitrogen supply. The relative
contribution of nitrate diffusive ﬂuxes (due both to mechanical
turbulence and salt ﬁngers) and N2 ﬁxation to the new nitrogen
supply, here considered as the total amount of new nitrogen
supplied by these processes, is reported in Fig. 4, Table 1 and
Supplementary Table 1. It is important to note that several other
mechanisms, such as mesoscale and submesoscale turbulence,
lateral transport, atmospheric deposition and the more complex
three-dimensional dynamics, today recognized as important
contributors to the supply of new nitrogen17–20, were not
considered in our study. On average N2 ﬁxation represented
10±15% of the new nitrogen supply. This process represented
450% of the new nitrogen supply only in one station, located in
the western SATL, where relatively high N2 ﬁxation rates
coincided with low diffusive ﬂuxes. Other than that, the higher
contributions of N2 ﬁxation occurred in the Atlantic provinces
SATL (21%) and CARB (19%) (Table 1). The global averaged
contribution of salt ﬁnger mixing was 11±18%. Although the
averaged contribution of N2 ﬁxation and salt ﬁnger mixing to the
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Figure 1 | Nitrate diffusive ﬂuxes during the Malaspina expedition. (a) Averaged vertical diffusivity including the effect of salt ﬁngers plus mechanical
turbulence (Ktþ sf), (b) nitrate gradient, and (c) nitrate diffusive ﬂuxes across the nutricline. White numbers in black bubbles indicate values above the
range shown in the colour bar. Main tropical and subtropical biogeographical provinces14 crossed during the expedition are shown: NASE (NE Atlantic
Subtropical Gyral), NATR (North Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral) and CARB (Caribbean) in the
Atlantic; ISSG (Indian South Subtropical Gyre) in the Indian; and SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC
(North Paciﬁc Equatorial Countercurrent) and NPTG (North Paciﬁc Tropical Gyre) in the Paciﬁc Oceans. Three other stations sampled along the coastal
regions of Australia (SSTC, South Subropical Convergence, AUSE, East Australia Coastal and AUSW, Australia-Indonesia Coastal) are also included.
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lmol m 2 d 1
% N2 ﬁx. % sf. N2 ﬁx
Luo et al.27
lmol m 2 d 1
NASE 4 (0) 6.9±3.1  52±11 0.35±0.21 160.0±118.4 0.07±0.05 33.8±29.4 6.0±4.2 19.2±4.0 4.1±1.2
NATR 4 (0) 8.7±6.6  177±155 0.14±0.12 99.9±12.6 0.01±0.01 6.6±5.3 8.0±5.6 6.1±3.9 390.4±141.1
WTRA 2 (0) 5.5±3.9  309±88 0.21±0.23 495.4±502.9 0.07±0.11 162.8±239.1 2.9±3.6 19.2±27.1 199.9±74.2
SATL 9 (1) 17.8±14.8 85±95 0.35±0.37 177.7±214.9 0.17±0.35 34.9±46.5 20.6±28.1 24.1±27.6 12.5±4.3
CARB 2 (0) 6.1±2.4 80±56 0.04±0.02 25.6±7.4 0.00±0.00 1.7±2.4 18.8±1.9 4.3±6.1 756.7±296.8
ISSG 5 (5) 8.7±4.0  69±32 0.15±0.09 80.5±37.8 0.05±0.09 20.5±35.7 12.4±10.6 17.6±26.9 –±–
SPSG 3 (0) 5.3±7.8  37±25 0.27±0.19 63.4±23.9 0.00±0.00 0.0±0.0 7.7±11.5 0.0±0.0 56.6±6.5
PEQD 2 (0) 0.3±0.4  137±29 0.10±0.02 112.2±16.0 0.00±0.00 0.0±0.0 0.2±0.3 0.0±0.0 75.8±26.5
PNEC 4 (0) 2.0±1.9  300±70 0.15±0.04 397.2±156.0 0.00±0.00 0.0±0.0 0.6±0.6 0.0±0.0 22.6±5.1
NPTG 5 (0) 9.3±6.6  142±84 0.18±0.28 153.6±193.5 0.02±0.04 13.3±30.0 10.2±8.7 4.5±6.3 177.9±44.2
Averaged photic layer depth-integrated N2 ﬁxation rates (N2 ﬁx.), nitrate gradient (q [NO3]/qz), vertical diffusivity (Ktþ sf) and nitrate diffusive ﬂuxes due to salt ﬁngers plus mechanical turbulence
(Fluxtþ sf NO3), vertical diffusivity (Ksf) and nitrate diffusive ﬂuxes due to salt ﬁngers (Fluxsf NO3), and relative contribution of N2 ﬁxation (% N2 ﬁx.) and salt ﬁngers (% sf.) to the new nitrogen supply
computed for the tropical and subtropical biogeographical provinces crossed during the Malaspina expedition (Prov.): NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gyral), WTRA
(Western Tropical Atlantic), SATL (South Atlantic Gyral), CARB (Caribbean), SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC (North Paciﬁc Equatorial
Countercurrent) and NPTG (North Paciﬁc Tropical Gyre). Averaged N2 ﬁxation rates compilated by Luo et al.
27 at each province are also included. nT is the number of stations where N2 ﬁxation rates and
nitrate diffusive ﬂuxes were computed for each province, and nP corresponds to the stations where KPP diffusivities were used. Errors correspond to standard deviations of the values shown in
Supplementary Table 1. Uncertainties inherent to vertical diffusivity, NO3 gradients and nitrate diffusive ﬂux calculations were quadratically added to standard deviations.
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Figure 2 | N2 ﬁxation and Trichodesmium spp. abundance during the Malaspina expedition. (a) Photic layer depth-integrated N2 ﬁxation rates and
(b) Trichodesmium abundance estimated from vertical tows of a microplankton net in the upper 200m (see Methods). White numbers in black bubbles
indicate values above the range shown in the colour bar. White circles indicate stations where the organisms were not detected. Main tropical and
subtropical biogeographical provinces14 crossed during the expedition are shown: NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical
Gyral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral) and CARB (Caribbean) in the Atlantic; ISSG (Indian South Subtropical Gyre) in the
Indian; and SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC (North Paciﬁc Equatorial Countercurrent) and NPTG
(North Paciﬁc Tropical Gyre) in the Paciﬁc Oceans. Four other stations sampled for N2 ﬁxation along the coastal regions of Australia (SSTC, South
Subropical Convergence, AUSE, East Australia Coastal and AUSW, Australia-Indonesia Coastal) are also included.
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new nitrogen supply was very similar, both processes showed a
different regional distribution. The contribution of salt ﬁngers
was450% only in four stations, located in the Atlantic SATL, the
Indian ISSG and the coastal south Australia (Supplementary
Table 1). In terms of provinces, higher averaged contributions
were computed for the Atlantic SATL (24%), WTRA (19%) and
NASE (19%), and the Indian ISSG (18%), whereas the
contribution in the Paciﬁc provinces was o5% (Table 1).
Discussion
Nitrate diffusive ﬂuxes computed during the Malaspina
expedition are in the range of previously reported values for
open-ocean (34–850 mmolm 2 d 1)3,4,21,22 and regions under
the inﬂuence of equatorial upwelling (1,300 mmolm 2 d 1)23.
Despite the relevant contribution of salt ﬁngers to nitrate
diffusion described for our data in several Atlantic and Indian
provinces, our estimates are far below the ﬁve- to sixfold increase
factor, with respect to mechanical turbulence, reported by
Hamilton et al.11 and Dietze et al.24. Differently to our study,
Hamilton et al. used the conservation equation of turbulent
kinetic energy to derive salt ﬁnger mixing efﬁciency, by assuming
that there is no mechanical generation of turbulence. However,
more recent studies demonstrated that in the ocean mechanical
turbulence could disrupt the effect of salt ﬁngers, causing lower
mixing efﬁciencies than those predicted by the Hamilton et al.
model12 (see Methods). On the other hand, Dietze et al.24
computed nitrate diffusive ﬂuxes using two parameterizations
for internal waves25 and salt ﬁnger diffusivity26 based on
conductivity–temperature–depth (CTD) and current velocity
data. Simultaneous microstructure-derived and parameterized
diffusivity estimates are scarce; for this reason, and also because of
the different nature of both estimates, the comparison is difﬁcult
to make. In a previous study we compared microstructure-
derived and K-proﬁle parameterized (KPP) diffusivity estimates
performed during the Malaspina expedition16. In general, the
KPP showed a good agreement with diffusivity estimates derived
from microstructure observations. However, the relative
contribution of salt ﬁnger mixing derived from the KPP was
higher compared to the estimates derived from microstructure
observations. Our estimates are in good agreement with recent
studies using the same model to estimate the contribution of salt
ﬁnger mixing21; therefore discrepancy with previous studies is
probably due to the different approaches used.
Excluding the Atlantic NASE and SATL provinces, N2 ﬁxation
rates measured during the Malaspina expedition fall within
the lower edge of previous estimates recently compilated by
Luo et al.27 (Table 1). Some of the previously described spots of
enhanced N2 ﬁxation, such as the Caribbean and the tropical
North Atlantic2,28,29, were not detected here. This was probably
due to the low spatial resolution of our sampling for N2 ﬁxation
rates (ca. 1,000 km), as these spots were indeed tracked by the
higher spatial resolution of the Trichodesmium abundance
measurements. The fact that Trichodesmium abundance did not
show any statistically signiﬁcant correlation with N2 ﬁxation rates
(r¼  0.059, P¼ 0.71) points to the contribution of other groups
of diazotrophs. High abundances of the diatoms Hemiaulus
hauckii and Rhisozolenia hosting the diazotrophic symbiont
Richelia intracelularis found in the western SATL, could possibly
be related to the enhanced N2 ﬁxation rates determined in this
region (Fig. 3). Elevated N2 ﬁxation rates as the result of this
symbiosis have been previously reported in the Amazon river
plume region30. Moreover, the symbiotic cyanobacterium UCYN-
A hosted by a prymnesiophyte was also detected during the
Malaspina expedition in regions of enhanced N2 ﬁxation rates,
such as the western SATL and the eastern Indian ocean31. Indeed,
the rates we measured in tropical and subtropical regions are in
good agreement with the background N2 ﬁxation rates of
8–16 mmolm 2 d 1 reported for unicellular diazotrophs in the
north Atlantic4,28.
It has recently been reported that the 15N2 bubble injection
technique underestimates N2 ﬁxation rates because the injected
bubble does not attain equilibrium with the water32,33. According
to Mohr et al.32 the underestimation is signiﬁcantly reduced
when, similar to the methodology used during the Malaspina
expedition (see Methods), 24-h incubations are used. However,
recent studies suggest that the underestimation could persist for
24-h incubation periods34. Although there is a growing interest
among the scientiﬁc community to establish a protocol to solve
this problem, so far no consensus has been attained. In any case,
the underestimation problem would also affect most of the
previously published N2 ﬁxation rates27.
To our knowledge only three studies have compared so far
the relevance of nitrate diffusion and N2 ﬁxation in the open
ocean2–4, none of them including the contribution of salt ﬁngers
to mixing. In the tropical north Atlantic, Capone et al.2 estimated
that N2 ﬁxation by Trichodesmium spp. could equal or even
exceed the vertical ﬂux of nitrate into the euphotic zone as
estimated by using a constant diffusivity. The use of a
microstructure proﬁler along a meridional transect in
the Atlantic (TRYNITROP cruise) revealed the importance
of considering the variability in diffusivity3. These authors
estimated a contribution of N2 ﬁxation to the new
nitrogen supply of 44±30%, 22±19% and 2±2% in the south
Table 2 | Diazotrophic microplankton abundance during the Malaspina expedition.
Prov nTrich Trichodesmium ndia Richelia Rhizosolenia Hemiaulus Hauckii
106 trichomes m 2 106 colonies m 2 106 cells m 2 106 cells m 2
NASE 11 3.20±5.64 10 0.24±0.36 0.58±0.40 2.19±4.16
NATR 13 25.06±15.24 14 0.15±0.39 1.03±1.02 2.11±3.18
WTRA 7 48.51±63.80 7 0.02±0.04 1.90±3.49 0.00±0.00
SATL 21 7.32±20.01 24 4.64±12.61 6.96±18.12 21.42±59.95
CARB 3 47.00±46.67 5 0.28±0.62 1.35±1.90 2.23±1.97
ISSG 19 0.92±1.33 19 0.15±0.37 0.61±0.82 25.14±98.58
SPSG 9 23.82±32.98 9 0.33±0.41 1.84±1.40 0.21±0.33
PEQD 6 0.17±0.23 6 0.00±0.00 1.48±0.94 0.05±0.13
PNEC 12 2.80±2.22 12 0.00±0.00 1.92±3.09 0.00±0.01
NPTG 15 0.93±0.70 14 0.00±0.00 0.33±0.52 0.55±1.82
Averaged photic layer depth-integrated abundance of Trichodesmium spp. trichomes, Richelia colonies, Rhizosolenia spp. and Hemiliaulus hauckii spp. computed for the tropical and subtropical
biogeographical provinces crossed during the Malaspina expedition (Prov.): NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL (South
Atlantic Gyral), CARB (Caribbean), SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC (North Paciﬁc Equatorial Countercurrent) and NPTG (North Paciﬁc Tropical Gyre).
nTrich and nDia are the number of stations where Trichodesmium spp. and the other diazotrophic microphytoplankton groups were determined, respetively. Errors correspond to standard deviations.
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subtropical, equatorial and north subtropical Atlantic,
respectively. Finally, Painter et al.4 reported N2 ﬁxation rates
comparable to nitrate diffusive ﬂuxes, also derived from a
microstructure proﬁler, in the northeast subtropical Atlantic. The
comparison of ﬂuxes reported in different studies is sometimes
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Figure 3 | Diazotrophic microplankton abundance during the Malaspina expedition. Photic layer depth-integrated abundance of (a) Richelia colonies,
(b) Rhizosolenia spp. and (c) Hemiliaulus hauckii spp. collected during the Malaspina expedition. White circles indicate stations where the organisms were
not detected. Main tropical and subtropical biogeographical provinces14 crossed during the expedition are shown: NASE (NE Atlantic Subtropical Gyral),
NATR (North Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral) and CARB (Caribbean) in the Atlantic; ISSG
(Indian South Subtropical Gyre) in the Indian; and SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc Equatorial Divergence), PNEC (North Paciﬁc
Equatorial Countercurrent) and NPTG (North Paciﬁc Tropical Gyre) in the Paciﬁc Oceans.
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the depth interval chosen for the calculation. The nitrate ﬂuxes
reported during the TRYNITROP cruise in Mourin˜o Carballido
et al.3 were computed across a 10-m layer centred at the bottom
of the photic layer and they were interpreted as instantaneous.
Here we chose to compute the ﬂuxes across the upper nitracline,
which results from biological consumption at the surface and
therefore integrates processes occurring at relatively longer
temporal scales. The recalculation of nitrate diffusive ﬂuxes
during the TRYNITROP cruise following exactly the same
protocol reported here, in order to include mechanical
turbulent mixing but also salt ﬁngers (Fig. 5), shows a
maximum contribution of salt ﬁnger mixing to new production
in NASE (26±28%) and SATL (8.3±9.6%), higher than the
contribution of N2 ﬁxation (1.7±1.4% and 4.9±3.6%,
respectively), and consistent with the results from the
Malaspina expedition.
The data set collected during the Malaspina circumnavigation
allowed us to compare, for the ﬁrst time, the contribution of N2
ﬁxation, mechanical turbulence and salt ﬁnger mixing to the


















































































Figure 5 | N2 ﬁxation and nitrate diffusive ﬂuxes during the TRYNITROP cruise. (a) Nitrate diffusive ﬂuxes computed across the nutricline, due to
mechanical turbulence plus salt ﬁnger diffusivity, (b) photic layer depth integrated N2 ﬁxation rates and (c) relative contribution (%) of mechanical
turbulence (MT, orange), salt ﬁngers (SF, red) and N2 ﬁxation (N2, black) to the new nitrogen supply, considered as the sum of these three processes.
White numbers in black bubbles indicate values above the range shown in the colour bar. Main biogeographical provinces14 crossed during the TRYNITROP




















Contribution (%) to new nitrogen supply
Figure 4 | Relative contribution of nitrate diffusive ﬂuxes and N2 ﬁxation to the new nitrogen supply during the Malaspina expedition. Relative
contribution (%) of nitrate diffusive ﬂuxes due to mechanical turbulence (MT, orange) and salt ﬁngers (SF, red), and N2 ﬁxation (N2, black) to the new
nitrogen supply, considered as the sum of these three processes. Main tropical and subtropical biogeographical provinces14 crossed during the expedition
are shown: NASE (NE Atlantic Subtropical Gyral), NATR (North Atlantic Tropical Gyral), WTRA (Western Tropical Atlantic), SATL (South Atlantic Gyral)
and CARB (Caribbean) in the Atlantic; ISSG (Indian South Subtropical Gyre) in the Indian; and SPSG (South Paciﬁc Subtropical Gyre), PEQD (Paciﬁc
Equatorial Divergence), PNEC (North Paciﬁc Equatorial Countercurrent) and NPTG (North Paciﬁc Tropical Gyre) in the Paciﬁc Oceans. Three other stations
sampled along the coastal regions of Australia (SSTC, South Subropical Convergence, AUSE, East Australia Coastal and AUSW, Australia-Indonesia
Coastal) are shown in the map.
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of the open ocean. These data reveal that nitrate diffusion
dominated over N2 ﬁxation at the time of sampling, and highlight
the importance of considering the effect of salt ﬁnger mixing in
nitrogen budgets of the surface ocean. This process was an
important source for new nitrogen, representing close to 20% of
the new nitrogen supply in the Atlantic tropical and subtropical
NASE, WTRA and SATL provinces, and the subtropical Indian
ISSG (Table 1). Although salt ﬁnger mixing and N2 ﬁxation
showed different regional distribution, on average, the contribu-
tion of both processes as sources of new nitrogen supply was
comparable. Albeit the Malaspina expedition provided a unique
data set, this study has limited temporal and spatial resolution.
In order to provide a global estimate of nitrate diffusive ﬂuxes
due to salt ﬁnger mixing, we combined data from the World
Ocean Atlas 2009 (http://www.nodc.noaa.gov/) and the KPP35
(Supplementary Fig. 1). The computed supply ﬂux by this
process (1.00±0.75 Tmol yr 1) is about fourfold higher than
the global estimate derived from extrapolating the averaged
salt ﬁnger ﬂux estimated from the Malaspina observations
(0.23 Tmol yr 1). These ﬁgures are within the range of global
N2 ﬁxation (0.36–11 Tmol yr 1)36 and atmospheric N deposition
(2–6 Tmol yr 1)37 estimates, emphasizing the need to include
salt ﬁnger mixing in present and future ocean nitrogen budgets.
Methods
Sampling. Field observations were carried out during the Malaspina circumna-
vigation expedition in the Atlantic, Paciﬁc and Indian Oceans between December
2010 and July 2011 on board R/V Hespe´rides (see Supplementary Fig. 2). The cruise
was divided into seven legs: leg 1 (14 December 2010, Ca´diz–13 January 2011,
Rio de Janeiro), leg 2 (17 January, Rio de Janeiro–6 February, Cape Town), leg 3
(11 February, Cape Town–13 March, Perth), leg 4 (17 March, Perth–30 March,
Sydney), leg 5 (16 April, Auckland–8 May, Honolulu), leg 6 (13 May, Honolulu–10
June, Cartagena de Indias) and leg 7 (19 June, Cartagena de Indias–14 July,
Cartagena). Leg 1 crossed the NASE, NATR, WTRA and SATL biogeographical
provinces14. Leg 2 sampled a zonal transect across the SATL province, the last
station being carried out in the Benguela Current Coastal (BENG). Leg 3 crossed
the Indian ocean from west to east. The ﬁrst three stations were carried out in the
East Africa Coastal (EARF) province, whereas most of the stations sampled the
ISSG province. Four provinces were sampled along the south Australian coast
during leg 4: ISSG, AUSW, SSTC and AUSE provinces. During leg 5, the SPSG,
PEQD, PNEC and NPTG provinces were sampled. Leg 6 crossed the NPTG and
again the PNEC province. Finally, during leg 7 the CARB, NATR and NASE
provinces were sampled.
CTD casts were carried out with a SBE911plus (Sea-Bird Electronics) probe
attached to a rosette equipped with Niskin bottles. A Lowered Acoustic Doppler
Current Proﬁler (LADCP) system was also mounted on the rosette. A
microstructure turbulence proﬁler was deployed in 36 stations. Water from Niskin
bottles was collected in 39 stations for nutrient analysis, in 44 stations for the
determination of N2 ﬁxation rates and in 136 stations for microphytoplankton
abundance determination. Samples for the determination of Trichodesmium
abundance from a plankton net were collected in 132 stations.
Microstructure measurements. Measurements of microstructure shear and
temperature used to infer dissipation rates of turbulent kinetic energy (e) and
thermal variance (w) were conducted by using a microstructure turbulence proﬁler
MSS38, down to a maximum depth of 300m. Averaged diffusivity due to both
mechanical turbulence and salt ﬁngers (Ktþ sf) was modelled, according to St
Laurent and Schmitt12, as the weighed sum of diffusivity due to turbulence (Kt) and
salt ﬁngers (KSsf , where S stands for salt as we assumed that nitrate diffuses at the
same rate as salinity): Ktþ sf ¼ psfKSsf þð1 psf ÞKt , where psf is the weighting
factor, corresponding to the fraction of bins where salt ﬁngers are active.
Favourable stratiﬁcation for salt ﬁngers was identiﬁed using the density ratio
(Rr¼ aqzT/bqzS, where a and b are the thermal expansion and salinity contraction
coefﬁcients, respectively). Although salt ﬁngers are theoretically possible for Rr41,
its contribution to mixing has been shown to be irrelevant for Rr42 (ref. 12).
According to McDougall39 and Hamilton et al.11, who solved the turbulent kinetic
energy equation for salt ﬁngers, mixing efﬁciency for this process is expected to
exceed the value of 0.2 for mechanical turbulence. Hence, we used two parameters
to identify salt ﬁnger active bins: the density ratio (1oRro2) and the observed
mixing efﬁciency (GObs40.2) (calculated as GObs¼ 0.5N2w/e(qzT)2, where N is the
buoyancy frequency). Diffusivity for turbulence (Kt) and salt ﬁnger (KsfT) bins was
computed following the Osborn40, Kt¼Ke¼h0.2e/N2i, and the Osborn–Cox41
models, KsfT¼Kw¼h0.5w/(qzT)2i, respectively. The Osborn–Cox41 model applies
for heat. For dissolved substances (i.e., nitrate) KSsf ¼ Rrh ir 1KTsf , where
r¼ 0.4–0.7, according to the compilation of estimates carried out by St Laurent and
Schmitt12, is the salt ﬁnger ﬂux ratio. Here we set r¼ 0.7 for coherence with the
K-proﬁle parameterization (see below). In the manuscript, salt ﬁnger diffusivity Ksf
refers to the weighted contribution of this mechanism to total diffusivity: psfKSsf .
Errors in turbulence plus salt ﬁngers (Ktþ sf) and salt ﬁngers diffusivity (Ksf) were
estimated as the standard deviation of 1,000 estimates obtained by bootstraping the
input variables: a, b, Rr, Ke and Kw. In this way, e and w uncertainties were treated
implicitly through Ke and Kw. A 10% error estimate of the salt ﬁngers ﬂux ratio was
added to the calculations. A sensitivity test was performed to verify that the
computed diffusivity was not strongly dependent on the choice of the critical
G value (data not shown).
During leg 3, when we sampled the Indian Ocean, and due to technical
problems, no microstructure measurements were available, so diffusivity was
estimated by using an adaptation of the KPP35 based on CTD, LADCP and
meteorological data. The salt ﬁnger term included in the KPP was considered as
Ksf. Uncertainties of KPP diffusivity were calculated as the standard deviation of
1,000 averaged estimates resulting from bootstraping individual 10-m vertical
resolution K values within the nitracline. A detailed description of the
implementation of the KPP and the comparison with diffusivity derived from
microstructure observations collected during the Malaspina expedition is given
in Ferna´ndez-Castro et al.16.
Nitrate diffusive ﬂuxes. Nitrate diffusive ﬂuxes across the nutricline were cal-
culated following the Fick’s law as
FluxNO3 ¼  Kh i @ NO3½ 
@z
; ð1Þ
where @ NO3½ @z is the nitrate gradient obtained by linearly ﬁtting nitrate concentra-
tions in the nitracline, and hKi is averaged diffusivity for the same depth range.
A total of 7–9 samples for nitrate (NO3)þ nitrite (NO2) concentration in the
upper 300m were directly collected from the Niskin bottles in 20ml acid-washed
polyethylene vials. They were immediately analysed on board according to classical
methods using the automated colorimetric technique42 on a segmented ﬂow Skalar
autoanalyser. For the nitracline region, relevant for this study, vertical resolution
varied between 20 and 50m. The nitracline was determined as a region of
approximately maximum and constant gradient, usually extending to 50–100m
and including 4–6 nitrate data points. In those stations where nitrate
concentrations were not available (see Supplementary Fig. 2) nitrate gradients were
computed from the data included in the World Ocean Atlas 2009 (WOA09)
database43. A good correspondence between nitrate gradients based on Malaspina
observations and the WOA09 climatology was found (r¼ 0.76, Po0.001, data not
shown). Diffusive ﬂux errors were calculated as the squared sum of the diffusivity
error (see above) and the error of the slope resulting from the linear ﬁt.
Nitrate diffusive ﬂuxes due to mechanical turbulence and salt ﬁnger mixing
during the TRYNITROP cruise, which sampled a meridional transect from 30S to
30N in the Atlantic Ocean in April–May 2008 (ref. 3), were calculated following
exactly the same protocol as described for the Malaspina expedition.
N2 ﬁxation. Samples for the determination of N2 ﬁxation rates were collected at
the same stations where nitrate diffusive ﬂuxes were computed. Additionally,
samples were also collected at one station located at the Indian Australia coast
(AUSW). Only those stations located in tropical and subtropical regions were used
for computed global open-ocean averages reported in the text. N2 ﬁxation was
measured at four depths (surface, the depths where the photosynthetically active
radiation was 20 and 10% of the surface value, and the deep chlorophyll maximum)
following the 15N2 uptake technique described by Montoya et al.15. For each depth,
one (three during leg 6) acid-washed, clear polycarbonate bottle (4 l in volume)
was ﬁlled directly from the CTD rosette and supplemented with 8ml of 15N2
(98 atom%; Sigma-Aldrich, lot -CX0937). Samples were incubated on deck at their
original irradiance and temperature conditions during 24 h. After the incubation
the whole volume was ﬁltered through a 25-mm GF/F ﬁlter (Whatman).
Afterwards, ﬁlters were dried at 40 C for 24 h and then stored until pelletization in
tin capsules. 15N atom % in particulate organic matter was measured with an
elemental analyser combined with a continuous-ﬂow stable isotope mass
spectrometer (Flash-EA112þDeltaplus; ThermoFinnigan), using an acetanilide
standard as reference. The equations given by Weiss44 and Montoya et al.15 were
used to calculate the initial N2 concentration and N2 ﬁxation rates, respectively.
Trichodesmium spp. abundance. Plankton samples were collected by vertical tows
of a microplankton net (40 mm mesh size) through the upper 200m of the water
column. Sampling was between 10:00 and 16:00 h GMT. Abundance of the dia-
zotroph Trichodesmium spp. was estimated by counts of 50-ml aliquots of the
sample from the microplankton net preserved in glutaraldehyde (25% ﬁnal con-
centration) using a FlowCAM system (Fluid Imaging Technologies). Prior to
analysis, the samples were screened with a 100-mm nylon mesh to prevent clogging
of the FlowCAM cell. Results are reported as number of colonies (trichomes) per
square meter.
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Diazotrophic microphytoplankton abundance. Samples for determining the
abundance of diatom Hemiliaulus hauckii sp. and Rhizosolenia spp. hosts of the
diazotrophic cyanobacteria Richelia intracellularis, and abundances of Richelia
intracellularis colonies were collected at three depths from the surface to the deep
chlorophyll maximum and ﬁxed with 2% formalin–hexamine solution. Abundance
was quantiﬁed using an inverted microscope, after 48-h sedimentation of 150ml of
sample in composite-settling chambers.
Global supply of nitrate due to salt ﬁnger diffusivity. A gross estimate of
vertical nitrate ﬂuxes due to salt ﬁnger diffusivity between 40S and 40N was
computed by using data from the WOA09. Vertical nitrate gradients were
computed in the upper 250m, and the nitracline was determined as the depth of
maximum gradient. Temperature45 and salinity46 ﬁelds were used to compute the
density ratio (Rr). Vertical diffusivity due to salt ﬁnger mixing was calculated
according to the KPP35 as a function of Rr:
KsfKPP ¼ 0; Rr  R0r ð2Þ
KsfKPP ¼ 1010 4 1 Rr  1R0r  1
 2 3
; 1:0oRroR0r ð3Þ
where R0r ¼ 1.9. Nitrate vertical ﬂuxes due to salt ﬁnger mixing were calculated
using equation (1). Errors were calculated by propagating standard errors of the
temperature, salinity and nitrate ﬁelds.
A second global estimate was calculated by extrapolating the averaged nitrate
diffusive ﬂux due to salt ﬁngers (46±76mmolm 2 d 1), computed by using only
the 21 stations where stratiﬁcation conditions were favourable for salt ﬁnger
formation (1oRro2) during the Malaspina expedition, to the global surface area
where this condition was accomplished in the nutricline (ca. 1.3 107 km2),
according to the WOA09 temperature and salinity ﬁelds.
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Abstract. We used 5-yr concomitant data of tracer distribu-
tion from the BATS (Bermuda Time-series Study) and ES-
TOC (European Station for Time-Series in the Ocean, Ca-
nary Islands) sites to build a 1-D tracer model conservation
including horizontal advection, and then compute net pro-
duction and shallow remineralization rates for both sites.
Our main goal was to verify if differences in these rates
are consistent with the lower export rates of particulate or-
ganic carbon observed at ESTOC. Net production rates com-
puted below the mixed layer to 110 m from April to De-
cember for oxygen, dissolved inorganic carbon and nitrate
at BATS (1.34± 0.79 mol O2 m−2, −1.73± 0.52 mol C m−2
and−125±36 mmol N m−2) were slightly higher for oxygen
and carbon compared to ESTOC (1.03± 0.62 mol O2 m−2,
−1.42± 0.30 mol C m−2 and −213± 56 mmol N m−2), al-
though the differences were not statistically significant. Shal-
low remineralization rates between 110 and 250 m computed
at ESTOC (−3.9± 1.0 mol O2 m−2, 1.53± 0.43 mol C m−2
and 38±155 mmol N m−2) were statistically higher for oxy-
gen compared to BATS (−1.81± 0.37 mol O2 m−2, 1.52±
0.30 mol C m−2 and 147± 43 mmol N m−2). The lateral ad-
vective flux divergence of tracers, which was more signifi-
cant at ESTOC, was responsible for the differences in esti-
mated oxygen remineralization rates between both stations.
According to these results, the differences in net production
and shallow remineralization cannot fully explain the differ-
ences in the flux of sinking organic matter observed between
both stations, suggesting an additional consumption of non-
sinking organic matter at ESTOC.
1 Introduction
The ocean is responsible for an annual photosynthetic fix-
ation of ∼ 50 Pg of carbon, which represents around half of
the global primary production (Field et al., 1998). Carbon fix-
ation by marine phytoplankton and its transport to the deep
ocean, known as the biological carbon pump, plays a key role
in the ocean–atmosphere CO2 exchange, and hence affects
climate on time-scales from decades to thousands of years.
The carbon pump efficiency is not constant and depends on
several factors, such as the input of nutrients into the euphotic
layer, and the balance between synthesis and remineraliza-
tion of organic matter as well as the planktonic community
composition.
Subtropical gyres represent the central part of the ocean
and are characterized by a strong stratification of the wa-
ter column. This translates into a weak input of nutri-
ents into the euphotic layer and, as a consequence, low
phytoplankton biomass and productivity. Because of their
Published by Copernicus Publications on behalf of the European Geosciences Union.
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oligotrophic characteristics, they have been traditionally con-
sidered oceanic deserts. However, from the point of view of
carbon export from the euphotic zone, subtropical gyres were
found to be surprisingly productive (Emerson et al., 1997).
This fact, combined with their vast extension (∼ 60 % of the
total ocean surface), results in their contribution of at least
30 % of total marine new production (Najjar and Keeling,
2000).
The North Atlantic subtropical gyre (NASG) is one of the
best studied open ocean regions, and in the past decades, it
has been a major contributor to the development of our un-
derstanding of biogeochemical cycles in subtropical regions.
Traditionally, subtropical gyres have been considered rela-
tively constant ecosystems in time and space. However, the
comparative study of time-series data revealed that spatial
heterogeneity is important in understanding the biogeochem-
istry of this biome (Neuer et al., 2002a; Mourin˜o-Carballido
and Neuer, 2008). Two time-series stations, BATS (Bermuda
Atlantic Time-series Study, 31.7◦ N–64.2◦ W) and ESTOC
(European Station for Time series in the Ocean, Canary Is-
lands, 29.16◦ N–15.5◦ W), are located at about the same lati-
tude in the western (NASW) and eastern (NASE) portions of
NASG. The monthly sampling program was initiated in Oc-
tober 1988 at BATS and in February 1994 at ESTOC, with
the aim of tracking seasonal, inter-annual and inter-decadal
changes in several biogeochemical variables (Steinberg et al.,
2001; Neuer et al., 2007). Although both stations exhibit typ-
ical oligotrophic characteristics, they are characterized by
different hydrographic dynamics. BATS is located in the re-
circulation of the Gulf Stream and it is strongly affected by
mesoscale activity (Cianca et al., 2007). ESTOC is entrained
by the Canary Current and is indirectly influenced by the
coastal African upwelling, whichs exports nutrients and or-
ganic matter towards the center of the gyre by means of up-
welling filaments and Ekman transport (Pelegrı´ et al., 2005;
´Alvarez-Salgado et al., 2007). It is important to note that up-
welling filaments do not influence ESTOC directly (Daven-
port et al., 2002), and this station is considered oligotrophic
based on nutrient scarcity, phytoplankton biomass and pro-
duction rates (Neuer et al., 2007).
Although both stations are characterized by similar phyto-
plankton biomass and primary production rates, annual mean
carbon export measured by using sediment traps at 150, 200
and 300 m is significantly lower at ESTOC, by a factor of 3–
5, than at BATS (Neuer et al., 2002a; Helmke et al., 2010).
Assuming that the euphotic zone is in steady state, higher
export production should be sustained by larger inputs of nu-
trients and/or organic matter into the euphotic zone. It has
been proposed that differences in the nutrients input could
be due to the more intense mesoscale activity observed at
BATS (Siegel et al., 1999; Mourin˜o et al., 2003). A com-
parative study using 10-yr BATS and ESTOC data combined
with satellite altimetry data indicated that the higher phys-
ical forcing dominant at BATS – deeper mixed layers and
more intense mesoscale dynamics – is partly compensated by
the shallower nutricline observed at ESTOC (Cianca et al.,
2007). According to these authors, NASE receives ∼ 75 %
of the nutrients avaliable for new production at NASW, al-
though this difference is not statistically significant. Another
source of new nitrogen that could explain the observed dif-
ferences in carbon export between the two stations is biologi-
cal nitrogen fixation. Recent studies indicate that this process
supplies a significative contribution to total new nitrogen in-
puts in oligotrophic waters (Capone et al., 2005; Mourin˜o-
Carballido et al., 2011; Bonnet et al., 2011). Biogeochemical
estimates suggest a lower contribution of nitrogen fixation at
ESTOC compared with BATS (Neuer et al., 2002a).
The differences observed between the two stations in ex-
port rates of particulate organic carbon could also be a con-
sequence of differences in the remineralization rates of the
sinking organic matter. The comparative analysis of respira-
tion rates determined from in vitro oxygen evolution exper-
iments conducted in the NASE and NASW indicated higher
oxygen consumption rates in the eastern part (Mourin˜o-
Carballido and Neuer, 2008). It has been shown that atmo-
spheric dust deposition can strongly stimulate bacterial res-
piration (Pulido-Villena et al., 2008). A recent study demon-
strated that the most frequent and intense response of the
microbial plankton to atmospheric dust deposition in the
Tropical Atlantic is the stimulation of the bacterial activ-
ity rather than phytoplankton primary production (Maran˜o´n
et al., 2010). This is consistent with the results found at
ESTOC, which is strongly influenced by the natural atmo-
spheric deposition of Saharan dust, and where phytoplank-
tonic production seems not to be affected by aerosol inputs
(Neuer et al., 2004).
For the first time, concomitant data of tracer distribution
from the BATS and ESTOC time-series sites were analysed
and used to build up a 1-D tracer conservation diagnostic
model. The model was used to compute net production and
shallow remineralization rates at both sites. The main goal
of this study was to verify if differences in the synthesis and
consumption of organic matter could explain the lower ex-
port rates of particulate organic carbon observed at ESTOC.
2 Comparison of the seasonal cycles at BATS and
ESTOC
Monthly climatologies were calculated for temperature,
salinity, density anomaly (σT ), oxygen, dissolved inorganic
carbon (DIC), nitrate (actually nitrate+nitrite) and chloro-
phyll a, using the BATS and ESTOC data collected for the
period 1996–2001 (Fig. 1). The BATS data were obtained
from the BATS Web site (http://bats.bios.edu). BATS and
ESTOC measurements were made monthly except during
the spring bloom period at BATS (February–April) when bi-
weekly samplings were conducted. Methodologies and re-
sults have been reported earlier for BATS (Michaels and
Knap, 1996; Steinberg et al., 2001) and ESTOC (Neuer et al.,
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O2 Anomaly [mmol m
−3]
























NO2 + NO3 [mmol m
−3]


























































O2 Anomaly [mmol m
−3]


























Fig. 1. Seasonal cycles of the vertical distribution of temperature (◦C), salinity (psu), density anomaly σT (kg m−3), chlorophyll a (mg
m−3), nitrate + nitrite (mmol m−3), oxygen (mmol m−3), oxygen anomaly (mmol m−3) and dissolved inorganic carbon (DIC) (mmol m−3).
Black discontinuous line represents the mixed layer depth. Black thick line represents the isoline of zero oxygen anomaly and the nitracline
([NO3]= 0.5 mmol m−3).
2007). Discrete data were first interpolated to a grid with the
following depths: 5, 10, 20, 40, 60, 80, 100, 110, 120, 140,
160, 200 and 250 m. The mean annual cycle was then con-
structed by averaging data from each depth onto a temporal
grid of 15 days using a weighted moving average with a nor-
mal weighting factor, f ni , and a window of 50 days:
〈Cn〉 = ∑i f ni Ci/∑i f ni









where C is the averaged variable, t is the time of the year in
days (0–365), i is the index of the discrete data point, n is
the index for the temporal grid and σ = 35 days is a constant
time scale. The mixed layer depth was calculated as the depth
where temperature differs 0.1 ◦C from the 10 m value.
BATS and ESTOC exhibit a similar seasonality in the hy-
drographic conditions characterized by a period of winter
mixing from November to March, followed by a period of
summer stratification from May to September (Fig. 1). The
maximum winter mixing occurs later (mid-March) at BATS
compared to ESTOC (February). The transition between both
periods is controlled by the seasonal cycle of solar irradiation
and changes in the wind speed. Seasonality is more intense
at BATS, where surface temperature increases from a mini-
mum of ∼ 20 ◦C in mid-March to a maximum of ∼ 28 ◦C in
August. At ESTOC, temperatures reach a minimum of 18–
19 ◦C in February and a maximum of ∼ 24 ◦C in September.
This maximum appears later than at BATS because the in-
tensification of the trade winds affects the ESTOC site dur-
ing the summer period. Maxima mixed layers are deeper at
BATS (193± 26 m) than at ESTOC (146± 32 m). Summer
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stratification is also more intense at BATS, where mixed lay-
ers during this period reach ∼ 20 m. Mixed layers at ESTOC
extend to a depth of ∼ 50 m due to the trade winds intensi-
fication that enhances mixing during July–August. The main
difference between both stations in salinity appears during
the summer, when mixed layer values are fresher at BATS
due to the rain intensification.
Chlorophyll concentration is strongly influenced by the
physical forcing at both stations. Phytoplankton blooms oc-
cur in late winter/early spring, after the mixed layer ex-
tends below the nutricline, with greatest monthly values
of chlorophyll concentration similar for both stations (ca.
0.3 mg m−3). As water column stratification increases, sur-
face chlorophyll decreases and a deep chlorophyll maximum
establishes at ca. 100 m at BATS and ESTOC. This biological
activity as well as the physical forcing determine the concen-
tration of the chemical tracers considered in this study.
The oxygen seasonal cycle in the mixed layer at both sta-
tions is characterized by maximum values during the winter
period due to the increase in solubility. The temperature in-
crease during the summer months causes a drop in solubil-
ity and hence in surface oxygen concentration. As stratifica-
tion increases during summer, oxygen accumulates below the
mixed layer (∼ 40 m at BATS and ∼ 60 m at ESTOC). This
accumulation is clearly pictured by the oxygen anomaly dis-
tribution that represents the excess of oxygen concentration
above the solubility equilibrium. The oxygen anomaly distri-
bution shows that whereas the photic layer (ca. 100 m at both
sites, Cianca et al., 2007) at ESTOC is oversaturated during
the whole year, at BATS it is undersaturated during the win-
ter period. This difference is probably due to the different
intensity in the mixing and ventilation of deep waters that
characterizes both stations. The seasonal variability in the
oxygen cycle is also weaker at ESTOC, where the maximum
amplitude of the accumulation in oxygen anomaly below
the mixed layer was ∼ 9 mmol m−3 (from February to Au-
gust), versus ∼ 17 mmol m−3 (from February to September)
at BATS. The oxygen anomaly distribution in the euphotic
zone has a mirror-like image below this layer. Oxygen con-
centration increases during winter–spring as a result of the
mixing with oxygen-rich surface waters and it is maximum in
April–May. Then, during summer stratification oxygen con-
centration decreases, with the minimum values observed in
January (BATS) and November (ESTOC) at 200 m. Despite
the differences observed in the euphotic zone, the maximum
amplitude of the oxygen signal at 200 m (∼ 7 mmol m−3) is
similar in both stations.
DIC concentrations in the mixed layer are greatest in April
(BATS) and March (ESTOC), due to mixing with deeper
waters and, to a lesser extent, to air-sea exchange (Mar-
chal et al., 1996; Gruber et al., 1998; Gonza´lez-Da´vila et al.,
2003). Surface DIC concentrations decline to minimum val-
ues in October, this decline being more pronounced at BATS
(∼ 44 mmol m−3) compared to ESTOC (∼ 15 mmol m−3).
Below the euphotic zone, DIC accumulation occurs in con-
cert with the observed oxygen decline. The DIC accumula-
tion at 200 m from April to January (BATS) and from April
to October (ESTOC) is 6 mmol m−3 and 8.7 mmol m−3, re-
spectively.
Nitrate concentration is very low in the euphotic zone
at both stations. The nitracline (> 0.5 mmol m−3) is gener-
ally shallower at ESTOC (90.3± 5.0 m) compared to BATS
(104± 14 m), but with a greater vertical variability at the
western station. As a consequence of the influence of the
nutrient poor 18 ◦C Subtropical Mode Water at BATS, ni-
trate concentration below the nitracline is higher at ESTOC.
Below the euphotic zone, nitrate accumulates from June to
January at BATS and from May to December at ESTOC; the
amplitude of the accumulation at 200 m is very similar in
both stations (0.7 mmol m−3).
The seasonal variability of the tracers considered in this
study, in agreement with previous reports for BATS (Men-
zel and Ryther, 1959; Jenkins and Goldman, 1985; Mar-
chal et al., 1996) and ESTOC (Gonza´lez-Da´vila et al., 2003;
Neuer et al., 2007; Santana-Casiano et al., 2007), is con-
sistent with the fact that synthesis of organic matter occurs
in the euphotic layer and that this matter is remineralized,
at least partially, in the shallow aphotic zone between 100–
250 m. In order to quantify the contribution of the biological
processes and the physical forcing to the observed seasonal
variability of the chemical tracers, a 1-D diagnostic model
was implemented.
3 Model implementation
3.1 Model general description
We adapted the tracer conservation model based on Ono et al.
(2001), who estimated the shallow remineralization at BATS
for the period 1992–1998. This approach includes the main
physical processes that occur below the mixed layer when
convective winter mixing is not the dominant process. These
processes are vertical diffusion, vertical advection (Ekman














where C = C(t,z) represents temperature (T ) or the tracer
(oxygen, DIC, nitrate) concentration for each depth, z, and
time t ; u(t,z) and v(t,z) are the longitudinal and latitudi-
nal geostrophical velocities, respectively; ∂C/∂x and ∂C/∂y
are the longitudinal and latitudinal gradients of temperature
and tracer concentration; K(t) is the vertical diffusivity, and
JC(t,z) represents the sources minus sinks term. For tem-
perature, JC represents the effect of the solar shortwave ra-
diation that penetrates below the mixed layer depth; whereas
for oxygen, DIC and nitrate it represents the net effect of
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Fig. 2. Computed geostrophic horizontal velocities (u, v) for BATS and ESTOC. The thick black line represents the null velocity component.
photosynthesis and respiration, and therefore net production
and shallow remineralization.
The model was executed 23 times for each variable in pe-
riods of 15 days during the seasonal cycle, with a time step
dt = 0.005 days and an uniform vertical grid (dz= 1 m) from
the mixed layer depth to 250 m. In each of these runs the
model was initialized with the profile of the tracer for the ini-
tial time t , Cobs(t,z), and produces the modelled profile for
the final time t+1t , Cmodel(t+1t,z), where 1t = 15 days.
For the biological tracers JC was computed diagnostically,
as described by Mourin˜o-Carballido and Anderson (2009),
so that the output of the model for each run fits the profile for
the corresponding final time. An initial guess for the JC(t,z)
term was made as (Cobs(t +1t,z)−Cobs(t,z))/1t . The
model was run forward from time t to time t+1t and a mean




(Cobs(t +1t,z)−Cmod(t +1t,z))2 dz
1/2 . (3)
When the difference of Cost with the previous estimate was
less than 0.002 mmol m−2, the simulation was ended and the
simulation of the next 15-day period was initiated. Other-
wise, JC(t,z) was corrected as:
J newC (t,z)=JC(t,z)+0.75(Cobs(t+1t,z)−Cmod(t +1t,z))/1t, (4)
and a new run was conducted. In this way, JC(t,z) was opti-
mized so that Cmod(t +1t,z) fits Cobs(t +1t,z).
In order to compute the biological source term (JC), tracer
data, horizontal and vertical velocities were calculated as de-
scribed below and linearly interpolated to the model grid.
3.2 Model inputs
3.2.1 Horizontal advection
Horizontal gradients of temperature, oxygen and nitrate were
calculated using the four grid points surrounding BATS and
ESTOC at the World Ocean Atlas 2009 monthly climatol-
ogy (WOA09) (Locarnini et al., 2010; Garcia et al., 2010b,a).
Longitudinal and latitudinal gradients were computed using
averaged values for each x- and y-components. DIC data for
the same locations were obtained from the Global Distribu-
tion of Total Inorganic Carbon and Total Alkalinity Below
the Deepest Winter Mixed Layer Depths climatology (Goyet
et al., 2000), which includes lower temporal resolution tri-
monthly averaged data.
Horizontal velocities, u and v, were assumed to be
geostrophic and computed from the monthly temperature and
salinity WOA09 data (Locarnini et al., 2010; Antonov et al.,
2010) and the thermal wind equations. Water density was cal-
culated using the Millero and Poisson (1981) parametriza-
tion. The thermal wind equations were integrated down to
3000 m, which was assumed as the level of no motion fol-
lowing Siegel and Deuser (1997). The calculated geostrophic
flow for BATS (0.02–0.04 m s−1) was directed southwest
during the whole year (see Fig. 2), consistent with the fact
that BATS is influenced by the Gulf Stream recirculation
(Siegel and Deuser, 1997; Ono et al., 2001). The flow in-
tensity was more variable near ESTOC (0.02–0.07 m s−1),
where the current was directed southwest during most of the
year except between March and April, when u was eastward,
and during the transition from spring to summer (May–July)
when v was northward. This pattern is consistent with the
results described by Neuer et al. (2007) and Pelegrı´ et al.
(2005).
Due to the implementation imposed to ensure volume con-
servation (see next section), lateral transport included a non-
geostrophic component. Further on we will use geostrophic
horizontal advection to refer to the geostrophic component of
the lateral transport and horizontal advection to refer to the
total corrected lateral transport.
Additionally, model runs where the geostrophic transport
term was set to zero (u= v = 0) were used to determine the
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influence of the geostrophic transport in the computed bio-
logical rates.
3.2.2 Vertical advection
Ekman downwelling/upwelling velocity, w, was computed
for both stations from the wind stress monthly climatologi-
cal data included in the International Comprehensive Ocean-
Atmosphere Data Set, with a spatial resolution of 2◦× 2◦
(Leetmaa and Bunker, 1978). The computed Ekman veloc-
ity at BATS was negative during most of the year and char-
acterized by a clear seasonal cycle (see Fig. 3a). Down-
welling was maximum in February (−96 m yr−1) and mini-
mum in September, when a weak upwelling was computed
(10 m yr−1). These results are in agreement with the har-
monic function used by Musgrave et al. (1988) and Ono
et al. (2001) at BATS. The Ekman velocity was lower at ES-
TOC, where the seasonal cycle was characterized by rela-
tively weak upwelling during the summer (ca. 20 m yr−1) and
relatively weak downwelling during the rest of the year.
The Ekman velocity was set to zero at the surface and in-
creased linearly to the Ekman depth, which was considered
as the minimum value of 30 m and the mixed layer depth,
and decreased linearly to zero down to 250 m (Ono et al.,
2001). As the depth-dependent w requires horizontal con-
vergence or divergence for volume conservation, horizontal
advection included a correction term. This was accomplished
numerically by implicitly evaluating w∂C/∂z at the grid box
interfaces.
3.2.3 Shortwave solar radiation
The effect of the solar shortwave radiation that penetrates be-








where ρ is the water density computed from temperature
and salinity seasonal cycles using the Millero and Poisson
(1981) formulation, Cp is the specific heat (Fofonoff and
Millard, 1983), and I (t,z) is the shortwave radiation flux
computed by using the attenuation model of Paulson and
Simpson (1977) for Type I water and the surface shortwave
radiation values (Fig. 3b). These values were obtained by
fitting to an harmonic function monthly data for the period
1996–2001 obtained from the CORE.2 Global Air-Sea flux
dataset close to both sites. Annual means and amplitudes of
the harmonic function were 182±5 W m−2 and 87±6 W m−2
at BATS, and 191± 5 W m−2 and 68± 8 W m−2 at ESTOC,
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Fig. 3. (a) Vertical Ekman velocity (w) at the Ekman depth (wE)
and (b) surface shortwave solar radiation computed for the period
1996–2001 near BATS and ESTOC. The continuous lines repre-
sent the fit to a single harmonic function, whereas the dotted line
correspond to the 95 % confidence intervals. Fitting of wE to the
harmonic function was not used in the model.
3.3 Temperature model and K optimization
Similar to the approach followed by Musgrave et al. (1988),
Ono et al. (2001) and Mourin˜o-Carballido and Anderson
(2009), we computed the vertical diffusivity (K) from the
optimization of the simulated temperature (T ) seasonal cy-
cle (Fig. 4). An optimized value of K was obtained every 15








The annual mean K was 2.0± 1.5 cm2 s−1 for BATS and
1.5±1.6 cm2 s−1 for ESTOC. The maximum K at BATS was
set to 5 cm2 s−1 on account of numerical limitations in the bi-
ological source term calculations due to the high values com-
puted during the winter mixing. At ESTOC, higher K-values
were computed in July and August, possibly related to trade
wind intensification during the summer months.
The comparison of the temperature rate of change com-
puted from the observed and simulated seasonal cycles
showed a good agreement for both stations (Fig. 5). The er-








Model errors were related to a deficient parametrization
of the constant vertical diffusivity, especially during strong
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Fig. 4. Optimized diffusivity (K) computed for BATS and ESTOC.
Values higher than 5 cm2 s−1 where set to 5 cm2 s−1 on account of
numerical limitations in the biological source term calculations.
mixing events. Higher errors were computed during the pe-
riods of strong winter mixing for both stations, just below
the mixed layer in June–July (BATS) and August–September
(ESTOC), and between 100 and 250 m in September at BATS
and June–September at ESTOC. Ono et al. (2001) used a sin-
gle K optimized for the whole year; however, we observed
that optimizing K for each 15-day period reduced the total
integrated error in the simulation of the temperature seasonal
cycle by 13 % at BATS and 20 % at ESTOC (data not shown).
Figure 5d shows the contribution of the geostrophic horizon-
tal advection to the temperature rate of change. This con-
tribution was more important at ESTOC, where an input of
warmer water was computed in June–July and colder water
in September.
3.4 Integrated budgets and errors estimation
Net production rates below the mixed layer were computed
by integrating the biological source term (JC) from this depth
to the estimated compensation depth. This depth was set to
110 m based on the JC distribution and the examination of
rates sensitivity to this limit (see below). To compute shal-
low remineralization, JC was integrated from the compen-
sation depth down to 250 m. Both rates were integrated be-
tween April and December in order to avoid the period of in-
tense and intermittent winter mixing, which is not accurately
simulated by the model. The physical model terms were also
integrated for the same period and depth intervals to evaluate
their contribution to the change in the tracer inventories.
Uncertainties associated with the integrated budgets were
estimated by using Monte Carlo simulations. A high num-
ber (N > 100) of model runs for all the tracers (including
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Fig. 5. (a) Observed and (b) simulated temperature rate of change,
(c) errors in the simulated temperature seasonal cycle, and (d)
geostrophic horizontal advection flux divergence at BATS and ES-
TOC. The black discontinuous line represents the mixed layer depth
and the black thick line represents the zero rate of change isoline.
element of the model inputs being randomly generated from
a Gaussian distribution. The standard deviation of the Gaus-
sian distribution was taken from the estimated error of the
model inputs. The weighted standard error was used for the
seasonal cycles of temperature and the chemical tracers, the
standard error provided by the WOA09 data base was used
for the variables obtained from this climatology, and a 75 %
error was assigned to the DIC lateral gradients – consistent
with the magnitude of computed errors for the lateral gradi-
ents of oxygen and nitrate. For the Ekman velocity (w), the
error considered was 25 % according to Ono et al. (2001).
The uncertainties associated with the integrated budgets were
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Fig. 6. Biological source term (JC ) and geostrophic horizontal advection flux divergence computed for oxygen, DIC and nitrate at BATS and
ESTOC. The discontinuous line represents the mixed-layer depth and the black thick line the zero isoline. Isoline separations are 0.1 mmol
O2 m−2 d−1, 0.1 mmol C m−2 d−1 and 0.01 mmol N m−2 d−1, for oxygen, DIC and nitrate, respectively.
the standard deviation of the values of the integrated budgets
produced by each model realization.
4 Results and discussion
4.1 Distribution of biological sources and sinks
Figure 6 shows the biological source term (JC) computed
for oxygen, DIC and nitrate by using the diagnostic model
at BATS and ESTOC and the geostrophic horizontal flux di-
vergence (i.e. the contribution of the geostrophic horizontal
advection to the total rate of tracer change).
Despite the signal being noisier, probably due to using a
shorter data set and a time-dependent K optimization, the
distribution of JC computed for all the tracers at BATS was
in general agreement with the results reported by Ono et al.
(2001). The biological oxygen (DIC and nitrate) production
(consumption) computed below the mixed layer was consis-
tent with the synthesis of organic matter, whereas oxygen
(DIC and nitrate) consumption (production) computed in the
shallow aphotic zone indicated remineralization of organic
matter. Oxygen production occurred below the mixed layer
during summer stratification with the maximum at ca. 40 m.
The compensation depth (JC = 0) was between 80–100 m.
Below the compensation depth, maximum oxygen consump-
tion was computed at ca. 120 m during late spring and early
summer. The high oxygen consumption computed just below
the mixed layer coincided with large errors in the tempera-
ture simulation (see Fig. 5c), which are probably related to
limitations in the diffusivity optimization. DIC consumption
ocurred just below the mixed layer during summer stratifi-
cation. For this tracer the compensation depth was slightly
shallower (ca. 60–80 m), and maximum production was com-
puted at 120 m during the summer. The distribution of JC for
nitrate was very similar to DIC but the compensation depth
was located deeper (ca. 110–115 m). Maximum nitrate con-
sumption was computed at 80 m during May–June. Maxi-
mum production occurred at 120 m, coinciding with the max-
imum rates of DIC (oxygen) production (consumption), and
slightly shallower than the maximum described by Ono et al.
(2001) at 140 m. A second maximum in nitrate remineraliza-
tion was observed at 250 m close to the model border.
The distribution of JC at ESTOC was in general very simi-
lar to the patterns described for BATS, although a few differ-
ences were observed. The oxygen compensation depth was
located deeper at ca. 115 m. Highest rates of oxygen produc-
tion were also located deeper (ca. 100 m), coinciding with
the deep chlorophyll maximum. The vertical structure of
the spring–summer remineralization was also different com-
pared to BATS, as highest rates – instead of being located at
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specific depths – occurred through out the whole water col-
umn. Another important difference with BATS was observed
in September–November when high oxygen (DIC, nitrate)
consumption (production) was computed through the whole
water column. This feature coincided with significant inputs
of oxygen and nitrate, and also cold water (Fig. 5d), through
horizontal advection. The role of the horizontal transport in
the seasonality of the synthesis and remineralization of or-
ganic matter has been previously reported in the Canary re-
gion, which is under the influence of the coastal African up-
welling (Neuer et al., 2002b; Arı´stegui et al., 2003; Pelegrı´
et al., 2005; Alonso-Gonza´lez et al., 2009). Upwelling fila-
ments and Ekman transport export particulate and dissolved
organic matter from the coastal upwelling to the open ocean.
During this transport organic matter is remineralized, at least
partially, providing an external source for nutrients (Pelegrı´
et al., 2005). According to these authors, the relevance of this
process is higher during the fall. These facts indicate that at
ESTOC, even though removed from direct influence of the
upwelling zone, allochthonous inputs of organic and inor-
ganic matter could represent sources and sinks for oxygen,
DIC and nutrients that must be considered when interpreting
our model results.
4.2 Net production rates
We set 110 m as the mean compensation depth because it is
the approximate depth of maxima in the integrated net pro-
duction and remineralization rates for nitrate and for oxygen
at ESTOC (see Fig. 7). DIC and oxygen at BATS actually
have maxima at 80–90 m, but they all have inflection points
near 110 m, and the 110 m integrals are not greatly different
(20 % lower for DIC at ESTOC and O2 at BATS; 2 % lower
for DIC at BATS). Net production rates and all the integrated
model terms, including the associated errors computed be-
low the mixed layer to 110 m from April to December for
both stations, are shown in Fig. 8.
Net production rates computed for oxygen (1.34±
0.79 mol O2 m−2), dissolved inorganic carbon (−1.73±
0.52 mol C m−2) and nitrate (−125± 36 mmol N m−2) at
BATS were slightly higher for oxygen and carbon compared
to ESTOC (1.03±0.62 mol O2 m−2,−1.42±0.30 mol C m−2
and −213± 56 mmol N m−2), although the differences were
not statistically significant. In agreement with previous geo-
chemical estimates (Riser and Johnson, 2008), our results in-
dicate that in these regions, at least for the depths (mixed
layer base to 110 m) and time period (April–December) we
considered, photosynthesis exceeds remineralization of or-
ganic matter.
The comparison of the observed changes in the tracer in-
ventories and the modelled net production evidences the rel-
evance of the physical fluxes, as the change in the tracers,
in general, underestimated biological net production. The
change in the tracer inventories underestimated oxygen net
production rates by 163 % at BATS and 136 % at ESTOC.
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Fig. 7. Time and depth-integrated net production rates as a function
of the lower limit used for the integration at BATS and ESTOC for
oxygen (solid), DIC (dashed) and nitrate (dot-dashed).
For DIC the underestimation was 63 % at ESTOC, whereas
it was overestimated by 17 % at BATS. For nitrate the un-
derestimation was 97 % at BATS and 102 % at ESTOC. The
contribution of diffusion was larger than total advection (hor-
izontal + vertical) for all the tracers at both stations except
DIC at BATS.
Computed net production rates compared with a summary
of previous values reported for BATS and ESTOC are pre-
sented in Table 1, where different integration periods must
be interpreted carefully. Gruber et al. (1998) and Brix et al.
(2006) estimated that net production at BATS during the
spring–summer period represents 60–80 % of the total an-
nual net production. Similar results were obtained at ESTOC
by Gonza´lez-Da´vila et al. (2003). As the integration inter-
val (April–December) used for our estimates misses part of
the winter–spring bloom (Brix et al., 2006; Gonza´lez-Da´vila
et al., 2007, 2010), our rates are probably lower than annual
estimates. According to Marchal et al. (1996), net produc-
tion in the mixed layer in the Sargasso Sea represented 60 %
of the photic layer net production. Assuming this is also true
for ESTOC, our rates would represent about 40 % of the to-
tal net production, i.e. 3.4 mol O2 m−2 and −4.3 mol C m−2
at BATS, and 2.6 mol O2 m−2 and −3.6 mol C m−2 at ES-
TOC. As nitrate consumption is only observed in the lower
photic layer, this extrapolation is not suitable for this tracer.
Using an oxygen tracer model, Musgrave et al. (1988) es-
timated the rate of net production in the photic layer at
BATS to be 3–4 mol O2 m−2 yr−1, very similar to our esti-
mate (3.4 mol O2 m−2). Our rate for net production of car-
bon at BATS (1.73–4.3 mol C m−2) is in the range of pre-
vious estimates using mixed layer model approaches (1.8–
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Table 1. Summary of net production estimates reported for BATS and ESTOC. MLD is the mixed-layer depth.
Region Source Technique Period Depths Estimate
mol m−2
Sargasso Sea Musgrave et al. (1988) Tracer model Annual Photic Layer (PL) 3–4 (O2)
BATS Marchal et al. (1996) Mixed-layer model Mar–Oct Extrapolation PL 1.8–2.9 (C)
BATS Gruber et al. (1998) Mixed-layer model Annual Mixed Layer 2.3± 0.9 (C)
BATS Brix et al. (2006) Mixed-layer model Annual PL 4.9± 0.3 (C)
BATS Siegel et al. (1999) Nitrogen budget Annual PL 0.48± 0.12 (N)
Sargasso Sea Lipschultz et al. (2002) N budget Annual PL 0.37–1.39 (N)
BATS Cianca et al. (2007) N budget Annual PL 0.38± 0.08 (N)
BATS This study Tracer Model Apr–Dec MLD to 110 m 1.34± 0.79 (O2)
1.73± 0.52 (C)
0.125± 0.036 (N)
ESTOC Gonza´lez-Da´vila et al. (2003) Mixed-layer model Mar–Oct Mixed Layer 1.55± 0.75 (C)
ESTOC Gonza´lez-Da´vila et al. (2007) Mixed-layer model Annual Mixed Layer 3.3± 0.8 (C)
ESTOC Cianca et al. (2007) N budget Annual PL 0.28± 0.09 (N)
ESTOC This study Tracer Model Apr–Dec MLD to 110 m 1.03± 0.62 (O2)
1.42± 0.30(C)
0.213± 0.053 (N)
Fig. 8. Integrated model terms computed from the mixed layer depth to 110 m, and from April to December. NP is net production. Integrated
geostrophic horizontal advection term is shown in brackets. The white (black) arrows and boxes represent net gain (lost). Rates are expresed
in mol m−2 for oxygen and DIC and in mmol m−2 for nitrate.
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4.0 mol C m−2, Marchal et al., 1996; Gruber et al., 1998;
Brix et al., 2006). A compilation of nitrogen inputs carried
out in the Sargasso Sea including wet and dry deposition,
convective, diapycnal and isopycnal mixing, Ekman trans-
port, mesoscale eddies and nitrogen fixation quantified an-
nual production in 0.37–1.39 mol N m−2 yr−1 (Lipschultz
et al., 2002). Our estimate for net production of nitrogen
at BATS (0.125± 0.036 mol N m−2) – which neglects im-
portant sources of nitrogen as nitrogen fixation, convective
mixing and mesoscale structures – does not reach the lower
end of this compilation. Our estimate is also lower than the
value obtained by Siegel et al. (1999) (0.48± 0.12 mol N
m−2 yr−1), who reported a compilation of new nitrogen in-
puts where nitrogen fixation was not included.
Gonza´lez-Da´vila et al. (2003), by using a mixed-layer
model for ESTOC that did not include lateral advection,
estimated net production of carbon in the mixed layer be-
tween April and October for the period 1996–2001 to be
25.5± 5.7 mmol C m−3. This value corresponds to a mixed
layer net production rate of 1.55±0.75 mol C m−2, computed
considering the averaged depth of the mixed layer during
this period (61±26 m). Following the same approach but us-
ing a longer data set (1995–2004), Gonza´lez-Da´vila et al.
(2007) estimated net production in the mixed layer to be
3.3± 0.8 mol C m−2. Both rates are in close agreement with
our estimate (1.42–3.6 mol C m−2). Our rate of net produc-
tion based on nitrate (0.213± 0.053 mol N m−2) is only
slightly lower than the total new nitrogen inputs reported
by Cianca et al. (2007) at ESTOC (0.28± 0.09 mol N m−2
yr−1), who considered eddy pumping, convective, diapycnal
and isopycnal mixing, and Ekman transport.
The -O2 : C ratios computed from the net production esti-
mates at BATS (0.77± 0.51) and ESTOC (0.72± 0.46) are
lower than the ratio for NO3-based production (1.4, Gru-
ber (2008)) and closer to the ratio for NH4-based produc-
tion (1.1). The lower -O2 : C ratio at ESTOC could be re-
lated to the remineralization peak observed during the fall
(September–November), which was more intense for oxy-
gen than for DIC, probably due to the larger lateral inputs
(see Fig. 6). When the biological source term at ESTOC
was integrated between April and September, excluding the
remineralization pulse observed in autumn, the -O2 : C ratio
(1.30± 0.62) was closer to the standard values. Net produc-
tion rates computed between April and December with the
geostrophic model term set to zero (see Sect. 3.2.1) gave
a -O2 : C ratio of ∼ 1.0, also in better agreement with the
canonic values. At BATS, we attributed the low -O2 : C ratio
to the diffusion simulation that causes a strong oxygen con-
sumption between the mixed-layer depth and 35 m. If this
region was not included in the integration, oxygen produc-
tion rate would be increased (2.14± 0.37 mol O2 m−2) and
DIC production rate lowered (−1.20± 0.21 mol C m−2), re-
sulting in higher than Redfield ratio (1.78± 0.86). The C : N
value at BATS (13.9±5.8) was higher than the Redfield ratio
(6.6) and very similar at ESTOC (6.7± 2.3). However, this
is slightly deceiving in that most of the oxygen production
and DIC uptake occurs above 80 m, while most of the NO3
uptake occurs between 80–110 m, which is not constant Red-
field C : N coupling.
4.3 Remineralization rates
All the model terms were integrated between April and
December and 110-250 m to obtain shallow remineraliza-
tion rates (see Fig. 9). Oxygen (−1.81± 0.37 mol O2 m−2)
and DIC (1.52±0.30 mol C m−2) remineralization rates com-
puted for BATS were in good agreement with those re-
ported by Ono et al. (2001) (−2.08± 0.38 mol O2 m−2 and
−1.53± 0.35 mol C m−2), whereas nitrate remineralization
rate (147± 43 mmol N m−2) was twice the rate reported by
these authors (80±46 mmol N m−2). This mismatch was due
to the differences in the geostrophic lateral advection term
(−51±44 mmol N m−2 versus 39±39 mmol N m−2 reported
by Ono et al.) that resulted from the use of different cli-
matologies. Changes in the tracer inventories also underes-
timated shallow remineralization, as they represented 51 %,
45 % and 21 % of remineralization rates computed for oxy-
gen, DIC and nitrate, respectively.
Shallow remineralization rates computed for ESTOC
were significantly higher than at BATS for oxygen
(−3.9± 1.0 mol O2 m−2) but showed no significant differ-
ences for DIC (1.53± 0.43 mol C m−2) and nitrate (38±
155 mmol N m−2). The latter was associated with large er-
rors. The change in the tracer inventories underestimated
remineralization rates for oxygen and DIC as represented 17
and 36 % of these rates. However, nitrate remineralization
rate was overestimated (340 %) by the change in the inven-
tory.
Diffusion was a source for oxygen and a sink for DIC
and nitrate in both stations because oxygen (DIC/nitrate)
gradient was negative (positive) downwards and greater at
110 m than 250 m. Vertical advection was a source for all
the tracers at BATS because w was negative at 110 m and
zero at 250 m, whereas it was a sink at ESTOC because
upwelling was dominant during the investigation period.
Lateral transport (geostrophic horizontal advection) was a
source (sink) for oxygen (nitrate/DIC) at BATS and a source
(sink) for oxygen and nitrate (DIC) at ESTOC. The diver-
gence of the lateral transport of oxygen caused the differ-
ences in the remineralization rates computed for both sta-
tions, as the 1-D model without geostrophic advection re-
sulted in oxygen consumption rates to be reduced by 61 %
at ESTOC (−1.51± 0.29 mol O2 m−2) and only by 27 %
at BATS (−1.31± 0.80 mol O2 m−2). The input of nitrate
through lateral advection was also responsible for the low
remineralization rate and the large error computed for ni-
trate at ESTOC, as the 1-D model computed a higher rate
and lower associated error (135± 23 mmol N m−2). The fact
that differences in remineralization rates between both sta-
tions were only statistically significant for oxygen could be
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Fig. 9. Integrated model terms computed from 110 m down to 250 m, and from April to December. REM is remineralization. Integrated
geostrophic horizontal advection term is shown in brackets. White (black) arrows and boxed represent net gain (lost). Rates are expresed in
mol m−2 for oxygen and DIC and in mmol m−2 for nitrate.
related to the different temporal resolution of the databases
used to compute the lateral gradients of the tracers. Oxy-
gen and nitrate horizontal gradients were calculated from
the World Ocean Atlas 2009 monthly climatology, whereas
DIC gradients were obtained from the Global Distribution
of Total Inorganic Carbon and Total Alkalinity Below the
Deepest Winter Mixed Later Depths climatology, which in-
cludes lower temporal resolution tri-monthly averaged data
(see Sect. 3.2.1). Model results show that inconsistencies
in remineralization rates differences between the tracers de-
creased if oxygen and nitrate variability was reduced through
smoothing (data not shown). Large errors associated to ni-
trate remineralization were probably due to the lower num-
ber of observations used to compute the nitrate, compared to
oxygen, climatology.
Remineralization rates computed at BATS were compa-
rable with previous estimates reported in the region (see
Table 2). Jenkins and Goldman (1985) calculated the shal-
low (100–250 m) oxygen consumption rate between April
and November at station S in the Sargasso Sea to be
3 mol O2 m−2. Sarmiento et al. (1990) summarized reminer-
alization rates determined from a variety of tracer-based
techniques in the Sargasso Sea to be 0.6–3.3 mol O2 m−2
yr−1. Carlson et al. (1994) estimated the remineralization
of dissolved organic matter from spring to fall as 0.99–
1.21 mol C m−2, which was lower than our estimate as it did
not include the particulate organic fraction.
To our knowledge, geochemical estimates of shallow rem-
ineralization based on tracer distributions have not been con-
ducted at ESTOC so far. Alonso-Gonza´lez et al. (2009)
used a box model approach to calculate the lateral trans-
port and consumption of suspended particulate organic mat-
ter (POC) in the Canary Current region. They found that lat-
eral POC fluxes, which were up to 3 orders of magnitude
higher than vertical fluxes, accounted for 1.42 mmol C m−2
d−1, what represents 28–59 % of the total mesopelagic (100–
700 m) respiration. The total carbon consumption estimated
for mesopelagic waters in the fall was 2.4–5.1 mmol C m−2
d−1, slightly lower than our estimate (6.7± 1.9 mmol C m−2
d−1) and one order of magnitude lower than respiration
rates obtained during the summer, by using combined in
vitro oxygen consumption and enzymatic activity techniques
(68 mmol C m−2 d−1) in the subtropical Northeast Atlantic
(Arı´stegui et al., 2005). Alonso-Gonza´lez et al. hypothesized
that this mismatch could be due to the different times of the
year when the experiments were carried out. However, recent
studies indicate that long incubations may lead to overesti-
mations of community respiration as a result of an increase
in the activity of heterotrophic bacteria (Maran˜o´n et al., 2007;
Calvo-Dı´az et al., 2011). Due to the differences in integration
Biogeosciences, 9, 2831–2846, 2012 www.biogeosciences.net/9/2831/2012/
B. Ferna´ndez-Castro et al.: Regional differences in NP and shallow remineralization 2843
Table 2. Summary for remineralization estimates at BATS and ESTOC. AOU is apparent oxygen utilization; DOC, dissolved organic carbon;
POC, particulate organic carbon; ETS, electron transport system and OC is organic carbon.
Region Source Technique Period Depths Estimate
m mol m−2
Sargasso Sea Jenkins and Goldman (1985) AOU seasonal cycle Apr–Nov 100–250 3.0 (O2)
Sargasso Sea Sarmiento et al. (1990) Tracer Distribution Annual 100–250 0.6–3.3 (O2)
BATS Carlson et al. (1994) DOC changes Apr–Nov 100–250 0.99–1.21 (C)
BATS from Helmke et al. (2010) POC Fluxes Spring–Fall 110–250 0.38 (C)
BATS Ono et al. (2001) Tracer Model Apr–Dec 100–250 2.08± 0.38 (O2)
100–250 1.53± 0.35 (C)
100–250 0.080± 0.046 (N)
BATS This study Tracer Model Apr–Dec 110–250 1.81± 0.37 (O2)
1.52± 0.30 (C)
0.147± 0.043 (N)
ESTOC from Helmke et al. (2010) POC fluxes Spring–Fall 110–250 0.08 (C)




Canary Current Arı´stegui et al. (2003) ETS Activity August 200–1000 7 (C)
Canary Current Arı´stegui et al. (2005) ETS/O2 in vitro Summer 200–1000 68 (C)
Canary Current Alonso-Gonza´lez et al. (2009) OC balance Fall 100–700 2.4–5.1 (C)
depths, comparison with these studies must be done care-
fully.
Shallow remineralization rates computed by our model
can also be compared to particulate organic matter attenu-
ation flux computed from sediment traps deployed at BATS
and ESTOC. Comparative information for sediment traps for
both stations corresponds to 150, 200 and 300 m at BATS
and 200, 300 and 500 m at ESTOC (Helmke et al., 2010).
In order to estimate remineralization rates between 110 and
250 m, the particle flux at 110 and 250 m needs to be in-
ferred. The former was calculated using the Martin’s attenu-
ation equation (Martin et al., 1987), considering the seasonal
b exponents calculated by Helmke et al. (2010) (b = 0.6–
1.19) for BATS, and the value reported by Neuer et al. (2007)
(b = 0.81) for ESTOC. The particulate flux at 250 m was cal-
culated by linearly interpolating the flux measured at 200 and
300 m. Shallow remineralization computed from springtime
to fall was 0.38 mol C m−2 at BATS and 0.08 mol C m−2 at
ESTOC. Both values were lower than our estimates, which
included the dissolved and particulate organic fractions, and
represented 25 and 5 % of the carbon remineralization com-
puted for BATS and ESTOC, respectively. The sum of the
remineralization rates of particulate and dissolved organic
matter at BATS (1.37–1.59 mol C m−2) matches our estima-
tion of carbon remineralization (1.52±0.30 mol C m−2). Un-
fortunately, no information about the seasonal variability of
the dissolved organic carbon cycle is available at ESTOC.
Our results indicated that lateral transport is significant
to the seasonality of the hydrodynamic conditions and the
tracer distribution at ESTOC. Previous studies indicated that
higher remineralization in the subtropical Northeast Atlantic
could be supported by dissolved ( ´Alvarez-Salgado et al.,
2007) and slow sinking particulate organic matter (Alonso-
Gonza´lez et al., 2009) exported from the high productive
African coastal upwelling, and also by dark dissolved inor-
ganic carbon fixation (Baltar et al., 2010). In this respect,
Arı´stegui et al. (2003) estimated that the contribution of dis-
solved organic carbon to the mesopelagic oxygen consump-
tion in the Canary Current region was about 30 %. Alonso-
Gonza´lez et al. (2009) indicated that the reported differences
in the carbon export rates between both stations could be, at
least partially, explained by lower sedimentation rates of the
particulate organic matter in the eastern part of the gyre, as
slow-sinking or suspended POC does not accumulate in the
sediment traps and can be laterally advected (Arı´stegui et al.,
2009). Although organic matter was not explicitly taken into
account in our model, our results support this hypothesis as
they show stronger lateral transport and higher remineraliza-
tion rates for oxygen at ESTOC, which cannot be sustained
by the flux of sinking organic matter.
According to our results, shallow remineralization repre-
sents at BATS 54± 33 % and 51± 36% of the net produc-
tion computed in the photic zone for oxygen and DIC, re-
spectively; whereas at ESTOC it represents 151± 99 % and
43±15 % respectively. The high value for oxygen at ESTOC
is related to the strong lateral inputs computed in the fall (see
oxygen geostrophic horizontal advection in Fig. 6), which
also resulted in negative net production computed during
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these months (see oxygen biological source in Fig. 6), sug-
gesting that high remineralization rates could partially be
sustained by non-locally produced organic matter.
The -O2 : C ratio for the shallow remineralization com-
puted at BATS (1.19±0.34) was in good agreement with the
Redfield ratio (1.43), whereas at ESTOC (2.52± 0.98) was
slightly higher. C : N ratios were in excess of the Redfield ra-
tio at both stations, and were higher at ESTOC (40± 162)
than at BATS (10.2± 3.6), pointing to the export of carbon
enriched organic matter. The C : N ratio reported by Ono
et al. (2001) for BATS (19± 12) was twice our estimate as
a consequence of the differences in nitrate remineralization
estimates. The higher C : N ratio computed for ESTOC was
consistent with the carbon rich organic matter observed in
the mixed layer (Koeve, 2006) and the sinking organic mat-
ter (Neuer et al., 2007) in the region, and with close to Red-
field ratios observed in the sinking organic matter at BATS
(Schnetzer and Steinberg, 2002). Moreover, ecological mod-
els employed to study the sensitivity of carbon export to
atmospheric nitrogen inputs in NASW and NASE showed
higher C : N values in the sinking organic matter in NASE
(Mourin˜o-Carballido et al., 2012).
5 Conclusions
Subtropical gyres play a crucial role in the global carbon cy-
cle due to the large extension they occupy which is expected
to get bigger as a consequence of global warming (Polov-
ina et al., 2008). Understanding the heterogeneity of these
biomes is critical to comprehend the role of the oceans in the
future carbon cycle. By using a 1-D diagnostic tracer model
we investigated if potential differences in net production and
shallow remineralization are consistent with the lower export
of particulate organic carbon observed at the eastern (ES-
TOC) compared to the western side (BATS), of the North
Atlantic Subtropical gyre. Our results showed slighly higher
net production rates computed for oxygen and dissolved in-
organic carbon at BATS, although the differences were not
statistically significant. As our approach does not estimate
mixed-layer net production, particularly during the winter–
spring bloom period, we cannot discard that it underestimates
the differences in net production between the two stations.
Shallow remineralization rate based on oxygen consumption
was significantly higher at ESTOC. The comparison of our
estimates with vertical fluxes of POC shows that, whereas a
significant fraction (25 %) of the shallow remineralization is
sustained by sinking organic matter at BATS, this fraction
is much lower at ESTOC (5 %). The importance of horizon-
tal processes in the seasonal cycles at ESTOC indicates that
oxygen consumption at this station could be also supported
by allochthonous inputs of organic matter. There is still work
to be done to fully understand the mechanisms behind the re-
gional differences observed in the vertical export of carbon at
the North Atlantic subtropical gyre. In light of this and other
studies, it seems that crucial information must come from the
study of horizontal fluxes at ESTOC.
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